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Abstract 
Evergreen broad-leaved species are at their northern boundary of distribution in Cen-
tral Europe. On the global scale, low winter temperatures play an important role limiting the 
distribution of evergreen broad-leaved vegetation towards the poles. In recent years, a global 
warming trend has been observed; the increase in annual mean temperature in Europe is 
mainly due to rising winter temperatures. In this study it is documented that the ranges of 
indigenous as well as introduced evergreen broad-leaved species are expanding northward in 
Central and Northern Europe. Furthermore, limiting parameters of single species are identi-
fied and the recent range shifts of some of the cold-hardiest evergreen broad-leaved species, 
such as Ilex aquifolium, Prunus laurocerasus and Trachycarpus fortunei, are analysed, based 
on historical and updated field data, measured climate data and output from bioclimatic mod-
els. 
Within the group of evergreen broad-leaved species addressed in this study, different 
biological mechanisms are demonstrated to play a role in limiting the single species’ distribu-
tion at their northern range margins. However, the northern ranges of the investigated species 
are all limited by low winter temperatures in general, though at different threshold values and 
due to specific biological traits. Furthermore, precipitation and bedrock may also influence 
regional distribution patterns. 
The northward range shifts of several evergreen broad-leaved species are in concert 
with gradually increasing winter temperatures. Furthermore, the single species range shifts 
documented in the field confirm the simulated changes in species’ distribution, expected from 
a bioclimatic model for current, relatively moderate, climate change. It may be concluded that 
the same underlying process, i.e. climate change, is the responsible driver of the synchronous 
expansion of several evergreen broad-leaved species. At the landscape scale, this indicates a 
considerable change in the composition and structure of temperate deciduous forests in vari-
ous parts of Europe. 
 
Keywords: Bioindicators, exotic species, global warming, range limiting parameters, range 
shifts. 
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Zusammenfassung 
Immergrüne Laubgehölze erreichen ihre nördliche Verbreitungsgrenze in Mitteleuro-
pa. Weltweit limitieren tiefe Wintertemperaturen die polwärtige Verbreitung des 
immergrünen Laubwaldbioms. In den letzten Jahren hat sich ein globaler Erwärmungstrend 
manifestiert, der in Europa vorwiegend auf mildere Winter zurückzuführen ist. In der vorlie-
genden Arbeit wird dokumentiert, dass sich die Verbreitungsgrenzen sowohl indigener als 
auch eingeführter immergrüner Laubgehölze in Mittel- und Nordeuropa nordwärts verschie-
ben. Limitierende Parameter der Verbreitung einzelner Arten, wie Ilex aquifolium, Prunus 
laurocerasus und Trachycarpus fortunei, werden identifiziert, und die aktuellen Arealver-
schiebungen werden unter Berücksichtigung historischer und aktueller Verbreitungsdaten, 
gemessener Klimadaten und Ergebnisse bioklimatischer Modelle analysiert. 
Verschiedene biologische Mechanismen bestimmen die nördlichen Verbreitungsgren-
zen der einzelnen, untersuchten immergrünen Laubgehölzarten. Allerdings wird die nördliche 
Verbreitung aller im Detail untersuchten Arten durch tiefe Wintertemperaturen limitiert; 
hierbei sind jedoch unterschiedliche Schwellenwerte entscheidend, die durch artspezifische 
Merkmale bedingt sind. Des Weiteren beeinflussen Niederschlag und Ausgangsgestein klein-
räumigere Verbreitungsmuster der Arten. 
Die nordwärts gerichteten Arealverschiebungen verschiedener immergrüner Laubge-
hölze verliefen synchron mit Zunahme der Wintertemperaturen. Die im Feld dokumentierten 
Arealveränderungen bestätigen Erwartungen, die sich mit Hilfe eines bioklimatischen Mo-
dells für die bisherige, relativ moderate, Erwärmung ableiten lassen. Aus den vorgelegten 
Ergebnissen kann geschlussfolgert werden, dass der Klimawandel als zugrunde liegender 
Prozess die synchrone Arealverschiebung verschiedener immergrünen Arten ermöglicht hat. 
Es deutet sich eine bedeutende Änderung sowohl in der Artenzusammensetzung, als auch in 
der Struktur sommergrüner Wälder in verschiedenen Teilen Europas an. 
 
Keywords: Arealverschiebungen, Bioindikatoren, eingeführte Arten, globale Erwärmung, 
limitierende Parameter. 
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1 Introduction 
Climate is one important factor determining the geographical distribution of plant spe-
cies. In the last decades the earth experienced a global warming trend (IPCC 2007). The 
average surface temperature in Europe increased by 0.95°C in the course of the last century, 
mainly due to rising winter temperatures and with an increasing warming rate towards the end 
of century (EEA 2004, IPCC 2001). Global warming is expected to continue (IPCC 2007), 
and consequently substantial shifts in vegetation patterns are projected based on bioclimatic 
modelling (e.g. BAKKENES et al. 2002, THOMAS et al. 2004, THUILLER et al. 2005). In the last 
years an increasing number of studies substantiated already detectable consequences of cli-
mate change, so called “fingerprints of climate change” (e.g. WALTHER et al. 2001, WALTHER 
et al. 2002, PARMESAN & YOHE 2003, ROOT et al. 2003).  
One of these “fingerprints” was detected in the southernmost part of Switzerland, 
where a number of evergreen broad-leaved species were able to spread into deciduous forests 
in the last decades (GIANONI et al. 1988, KLÖTZLI et al. 1996). This phenomenon, termed 
“laurophyllisation” (KLÖTZLI et al. 1996), was investigated by WALTHER (2000) in the area 
surrounding Lago Maggiore. The flora of central Europe is relatively poor in evergreen broad-
leaved species compared to temperate regions of other continents. Repeated glaciation dimin-
ished the former diverse Tertiary flora (HÜBL 1988, MAI 1995). However, in the region of 
Lago Maggiore numerous evergreen broad-leaved species from all over the world have been 
(re-)introduced and cultivated (SCHRÖTER 1936, SCHMID 1956). Numerous fertile individuals 
in gardens and parks hence served as seed sources for spread and naturalisation. Although the 
cultivation of exotic species has a centuries old tradition in the area of Lago Maggiore, the 
spread of exotic evergreen broad-leaved species was first observed in the last decades. Milder 
winters and a distinct decrease in the number of frost days weakened the climatic constraints 
for evergreen broad-leaved species and allowed them to spread (WALTHER 2000). 
Many of the naturalising species, especially the most cold-hardy ones, are frequently 
cultivated also in other parts of Europe. In this study, the potential of evergreen broad-leaved 
species to serve as bioclimatic indicators on the European scale is analysed. Low winter tem-
peratures are limiting the global distribution of evergreen broad-leaved species towards the 
poles (e.g. BOX 1981, KLÖTZLI 1988, WOODWARD et al. 2004, POTT 2005). The climatic 
limits of some evergreen broad-leaved species have been applied to reconstruct climatic fluc-
tuations of the past from the geological record (e.g. IVERSEN 1944). In this study the 
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sensitivity to low winter temperatures is analysed and applied to track recent climate change 
in Central Europe, where most of the recent warming has taken place in winter. 
The historical and current ranges of native evergreen broad-leaved woody species are 
considered as well as the expansion of exotic species and the temperature parameters limiting 
their ranges. To understand the species’ European distribution patterns detailed information 
on further ecological requirements are necessary, and hence the influence of precipitation and 
geological bedrock is investigated. Finally, based on the obtained knowledge of the single 
species’ range shifts and specific limiting parameters, the impact on the vegetation level is 
discussed, relating the results to palaeoecological evidence on the one hand, on the other hand 
discussing them in context of vegetation changes expected due to future climate change. 
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2 An ecological “footprint” of climate change1 
2.1 Summary 
Recently, there has been increasing evidence of species’ range shifts due to changes in 
climate. Whereas most of these shifts relate ground truth biogeographic data to a general 
warming trend in regional or global climate data, we here present a reanalysis of both bio-
geographic and bioclimatic data of equal spatio-temporal resolution, covering a time span of 
more than fifty years. Our results reveal a coherent and synchronous shift in both, species’ 
distribution and climate. They show not only a shift in the northern margin of a species which 
is in concert with gradually increasing winter temperatures of the area, they also confirm the 
simulated species’ distribution changes expected from a bioclimatic model under the recent 
relatively moderate climate change. 
Key words: range shift, global warming, bioindicator, bioclimatic model, evergreen broad-
leaved species, Ilex aquifolium 
2.2 Introduction 
Despite an increasing number of ecological “fingerprints” of climate change 
(WALTHER et al. 2001, PARMESAN & YOHE 2003, ROOT et al. 2003; see also HUGHES 2000, 
WALTHER et al. 2002), consensus on the ecological impacts of global warming is still consid-
ered to remain elusive (see JENSEN 2003). One reason for the lack of consensus may relate to 
the fact that case studies on species’ range shifts (e.g. GRABHERR et al. 1994, PARMESAN et al. 
1999, THOMAS & LENNON 1999, HILL et al. 2002, CROZIER 2003) often associate local 
changes in the distribution of species at small scales to large-scale climatic changes on the 
regional to global level. This is mainly due to the lack of historical biogeographic data on the 
local and regional distribution of a species coupled with concurrent climatic data on the same 
spatio-temporal resolution. One of the exceptions, and to our knowledge the only one, is 
provided by IVERSEN (1944), who closely linked the occurrence of some evergreen broad-
leaved species to measurements from nearby climate stations. Thus it has been used as the 
classical example to illustrate a climatically limited species’ northern distribution and contin-
                                                          
1 Published in Proceedings of the royal society of London series B.  
Royal Society Publishing: http://publishing.royalsociety.org/ 
Full reference: WALTHER, G.-R., BERGER, S. & M. T. SYKES (2005): An ecological ’footprint’ of climate change. 
Proc. R. Soc. Lond. B 272: 1427-1432. 
 11
ues to be regularly featured in standard textbooks of ecology in general (e.g. BEGON et al. 
1996), and botany in particular (SITTE et al. 2002, LARCHER 2003).  
A particular feature of the IVERSEN (1944) study is that it provides a detailed synchro-
nous record for the bioclimatic and biogeographic situation of climatically limited species 
before the recent rise in global average temperature. In recent decades, the regional climate of 
the Iversen study area has warmed, especially in the winter season (FOLLAND & KARL 2001). 
Given this warming trend, one would expect to see a truly climatically limited species to 
respond to the changes in climate in these areas. 
In this paper we compare both detailed historic climatic and biogeographic records 
with updates of the same parameters at the same localities in the northern fringe area of the 
distribution of Ilex aquifolium, applying the same methodology as used in the original study 
(IVERSEN 1944). We also compare our field data to predictions from simulations of Ilex distri-
butions using a purely climate driven bioclimatic model. Our aim is therefore to verify 
whether a potential shift in the local and regional distribution of a species is in synchrony with 
concurrent changes in climatic data on the same spatio-temporal resolution. 
2.3 Material and methods 
From among the subset of evergreen species described by IVERSEN (1944) we selected 
holly (Ilex aquifolium), the only true shrub and smaller tree species (PETERKEN & LLOYD 
1967, CALLAUCH 1983). The northern margin of the Ilex distribution in Europe is often shown 
related to the 0°C-isoline (HOLMBOE 1913, LOESENER 1919, ENQUIST 1924, WALTER & 
STRAKA 1970, SITTE et al. 2002). Although the mean temperatures are not themselves consid-
ered to be physiologically effective, they correlate with absolute minimum, and therefore are 
used as a surrogate for the frequency of lethal extreme events (SITTE et al. 2002; WOODWARD 
et al. 2004, see also RUNGE 1950, FISCHER 1965, PETERKEN & LLOYD 1967, SAKAI 1982, 
PRENTICE et al. 1992, SYKES et al. 1996). The other evergreen species studied by IVERSEN 
(1944) either depend on appropriate host trees such as the epiphyte Viscum album, or, in the 
case of the climbing ivy (Hedera helix), have two separate and different growth forms. Ivy, 
when creeping on the ground, is protected from winter cold by snow and is thus, in this 
growth form a less reliable climate indicator than when it is climbing trees (see also 
ANDERGASSEN & BAUER 2002). Further, these two different growth forms have not been 
clearly separated in the original data (IVERSEN 1944). 
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Our biogeographic field data for holly were obtained from several unpublished recent 
records of Ilex aquifolium scattered through various local field surveys and monitoring pro-
grammes (see results and acknowledgements sections below). We verified these records in the 
field in the northern fringe area of the distribution of holly in northern Germany, Denmark, 
southern Norway and southern Sweden in 2003, and updated the same climatic parameters of 
the same local climate stations as used in the original study (IVERSEN 1944). As the study 
covers more than a half century, not all the climate stations can provide data to the present 
day. For the abandoned stations we used data from nearby stations or extrapolated surrogate 
records based upon overlapping periods (see Appendix 1). 
The STASH bioclimatic model is a simple model which uses a minimum set of bio-
climatic parameters (mean temperature of the coldest month, growing season warmth, drought 
index, and degree of chilling required before budburst) to describe a species range. The as-
sumption is that these parameters represent responses to physiologically important 
mechanisms for plants, for example accumulated temperature during the growing season 
(growing degree days) is an index of energy suitable for completion of the plant’s life cycle. 
Some of these parameters act directly as on-off switches for example if the minimum mean 
coldest month temperature (as a surrogate for absolute minimum) in a grid cell falls below the 
species limit, the species is excluded. Some parameters however also directly affect net as-
similation and respiration and thus growth rate and this is reflected in the degree of 
establishment success within a grid cell (see SYKES et al. 1996 for further details). We used 
STASH in a data-model comparison for current and recent past occurrences of holly. We used 
12 monthly values for each of monthly mean temperature, precipitation and percentage sun-
shine from the ATEAM European gridded 10’ climate dataset (http://www.pik-
potsdam.de/ateam/) based on the CRU dataset (NEW et al. 1999, 2000). The recent past was 
modelled as the 30 year normal for 1931-1960 period and the current as the mean of 1981-
2000. 
Statistical analyses of the simulated and realised distributions of holly in the area be-
tween 51°-70° N and 4°-25° E were based on Cohen’s Kappa coefficient of agreement 
(COHEN 1960) providing an estimate for the overlap of spatial data (cf. also FIELDING & BELL 
1997). 
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2.4 Results 
At all the localities where Iversen reported the occurrence of Ilex aquifolium, we con-
firmed that the species is still present. In addition, we found new occurrences of holly (Ilex 
aquifolium) at locations, which were reported Ilex-free at the time of Iversen’s investigation 
(cf. Fig. 2.1 A/C). The growth form and size, date of first notification, and at some places tree 
ring analyses allowed an estimation of the approximate age of these individuals (data not 
shown, but cf. Berger 2003). Based on this information we conclude that these occurrences of 
Ilex are in fact new, and that Ilex was not present at the time of Iversen’s investigation. These 
new occurrences represent a geographic shift in the distribution of holly towards the north in 
Norway and north-east in Germany, Denmark (cf. also BANUELOS et al. 2004) and especially 
southern Sweden, where Ilex aquifolium expanded into new areas along the southern Swedish 
coast (Fig. 2.1 D). In addition, the results of the field survey have been plotted in a thermal 
correlation diagram (Fig. 2.2), i.e. a coordinate system, where the ordinate represents the 
mean temperature for the warmest month (July/August, depending on the individual station), 
and the abscissa the mean temperature for the coldest month (January/February, same as for 
warmest month) (cf. IVERSEN 1944). In this thermal correlation diagram (Fig. 2.2) not only 
the status but also the position of the related climatic stations changed in accordance with the 
findings of the field survey. Whenever a station, previously designated holly-free, advanced to 
or even crossed the thermal limit curve in the thermal correlation diagram, field observations 
revealed that the station’s surrounding area has been colonized by holly in the time since 
Iversen’s investigation. Consequently, the change in the position of these stations is in syn-
chrony with the change in their biogeographic status, indicated by different symbols in 
Fig. 2.2. Furthermore, while the position and status of several stations have changed, the 
position of the thermal limit curve remained stable compared to the outline given by IVERSEN 
(1944) (cf. Fig. 2.2). In the past, the 0°C January-isoline ran parallel with the northern margin 
of Ilex’ distribution (Fig. 2.1 A), and with the recent shift of both, climate isoline and species’ 
distribution change this relationship remains consistent (Fig. 2.1 C). Last but not least, the 
bioclimatic model based on purely bioclimatic response factors simulates a potential Ilex 
distribution of the recent past (based on 1931-60 climate data), that matches the realised area 
with a Kappa value [K] of 0.82, which is well in the range of “excellent” agreement 
(:= K > 0.75 according to FIELDING & BELL 1997, see also LANDIS & KOCH 1977). The model 
also predicts new areas to become colonised by holly under a warming scenario based on the 
1981-2000 climate data (Fig. 2.1 D). In this case, the Kappa value for the simulated range 
shift and the observed change (the latter is the area delimited by 
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Fig. 2.1: Distribution of Ilex aquifolium and 0 °C-January isoline at different times. 
A) Former range of Ilex aquifolium [dark grey shading] based on ENQUIST (1924) and MEUSEL et al. (1965), 
isoline based upon WALTER & STRAKA (1970), symbols based upon IVERSEN (1944), for symbol legends 
see Fig. 2.2. B) Modelled range of Ilex aquifolium of the recent past (1931-60) [vertical shading], isoline as 
in Fig. 2.1A. C) Former range of Ilex aquifolium [dark grey shading] as in Fig. 2.1A, isoline updated for 
1981-2000 based on MITCHELL et al. (2004), symbols updated, for symbol legends see Fig. 2.2. D) Former 
range of Ilex aquifolium [dark grey shading] complemented with the simulated species’ distribution under a 
moderate climate change based on 1981-2000 climate data [diagonal shading], isoline as in Fig 2.1C, 
triangles represent locations with realised new occurrences of Ilex aquifolium. 
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the new occurrences (see triangles in Fig. 2.1 D) excluding the realised area of the recent past 
(see Fig. 2.1 A)) is 0.50, which, though lower, is in the range of a “moderate” Kappa agree-
ment (LANDIS & KOCH 1977). 
 
 
Fig. 2.2: Thermal correlation diagram with IVERSEN (1944) values (grey symbols) and updated values 
(black symbols); the arrows link the values of corresponding stations. For details see text and appendix.
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2.5 Discussion 
In the original work, the climatic stations were critically selected in order to ensure 
they sufficiently represented the surrounding areas (defined by IVERSEN (1944) as the area 
within a circle of 20 km and within a vertical distance of 40 metres). Because of the long 
period of this study (c. 50 years) it was not possible to update all the climate data from all the 
original stations. However, due to the large geographic distances between the climatic stations 
used in this study some minor variation arising from the use of nearby surrogate climate 
stations for abandoned original stations is relatively insignificant, especially when considering 
the potential differences in proportion to changes in microhabitats within the 20 km circle 
considered representative for the thermosphere of the plants (see IVERSEN 1944). Further-
more, the data used in the thermal correlation diagram revealed no systematic discrepancy in 
terms of magnitude or direction of change in status or position between the subset of original 
and surrogate stations (see Appendix 1). Therefore, although not all the original climate sta-
tions survived the time span covered in this study, the data set is considered sufficiently 
reliable for the purpose of the study. Also, the observed change especially in winter tempera-
ture accords well with the latest IPCC findings reporting a 0.6–1.0°C/decade warming 
experienced in the period between 1976–2000 in the area of southern Scandinavia (FOLLAND 
& KARL 2001).  
Although we could have based our re-survey on records from several local vegetation 
monitoring programs, it was necessary to verify all notifications of (potential) Ilex-
occurrences in the field, because for example in some places, we identified Mahonia aqui-
folium instead of the expected Ilex aquifolium. All the localities with previous occurrences of 
Ilex reported by IVERSEN (1944) were confirmed. In addition, we also found new areas with 
holly, that were reported Ilex-free at the time of Iversen’s investigation. In some cases, new 
individuals were considered to be escapees from planted garden individuals. However, in that 
regard, Iversen in his study also included a category named “Ilex strayed into woods from 
gardens” (cf. IVERSEN 1944, p. 471). Such sub-spontaneous occurrences are not in opposition 
to our approach, rather they are in agreement with the methodology and findings of the origi-
nal study. Such events provide opportunities for Ilex to keep pace with the rate of climate 
change by reducing the time-lag that may be due to, for example, dispersal limitations 
(SVENNING & SKOV 2004, cf. also POTT 1990, LEEMANS 1996) and/or interrupted migration 
routes (SKOV & SVENNING 2004) thus allowing a species the chance to occupy its new poten-
tial range immediately. 
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The observed north- and north-eastward range expansion tracks the increased warming 
measured at local climate stations. Whenever a station, which previously was reported Ilex-
free, advanced to or crossed the thermal limit curve in the thermal correlation diagram, a new 
occurrence of holly was found in the field in the surrounding area. Furthermore, both the 
historic and the present northern margin of Ilex distribution in Europe remains related to the 
0°C-isoline (Fig. 2.1 A/C). STASH model output showed very clearly that in the past, Ilex has 
filled a great portion of its potential range (Fig. 2.1 B). Furthermore, the new occurrences of 
Ilex aquifolium overlap with the potential range of this species under the recent moderate 
climate change predicted by the model using climate data of the last two decades only (see 
Fig. 2.1 D, cf. also BANUELOS et al. 2004 for Denmark). However, the lower Kappa value 
resulting from the comparison of the expected and the realised shift in distribution of the last 
two decades suggests that Ilex, probably for chorological reasons, has not yet fully occupied 
its climatically determined potential new range predicted by the model (cf. also SVENNING & 
SKOV 2004).  
Northern range limitation by climatic parameters has not only been reported from 
plant species (e.g. WOODWARD 1987, GRAVES & REAVEY 1996, WOODWARD et al. 2004; see 
also WALTHER 2004), it is also of importance for other taxa such as insects (e.g. HILL et al. 
1999, ADDO-BEDIAKO et al. 2000, THOMAS et al. 2001), birds (e.g. THOMAS & LENNON 1999, 
FORSMAN & MONKKONNEN 2003, BROMMER 2004) and mammals (e.g. HUMPHRIES et al. 
2002), and thus, an important ecological feature in temperate regions. The present resurvey of 
the distribution of a climatically limited species and the reanalysis of closely related local 
climatic measurements revealed a coherent shift in both, species’ distribution and climate with 
the same spatio-temporal resolution. This attributes high confidence to the conclusion, that the 
changing climate is the responsible driver for the observed northward range expansion. Con-
sequently, this reported species’ shift is more than just an ecological “fingerprint”, it is an 
ecological “footprint” of recent climate change. 
2.6 Acknowledgements 
Floristic data were kindly provided by T. Tyler (Projekt Skånes Flora, Sweden), 
L. Jonsell (Projekt Upplands Flora, Sweden), S. Svensson (Municipality of Gotland, Sweden), 
C.-A. Hæggström (Department of Ecology, University of Helsinki, Finland), G. Weimarck 
(Göteborg, Sweden), P. H. Salvesen (The Norwegian Arboretum, University of Bergen, Nor-
way), A. Skogen (University of Bergen, Norway), J. Kollmann & J. M. Bañuelos (Department 
 18
of Ecology, Royal Veterinary and Agricultural University of Denmark, Copenhagen, Den-
mark), J. Lawesson (Institute of Biological Sciences, University of Aarhus, Denmark), 
G. Stachowiak (Salzwedel, Germany), D. Frank (Halle, Germany), R. May (German Federal 
Agency for Nature Conservation, Bonn, Germany), W. Härdtle (Institute of Ecology and 
Environmental Chemistry, University of Lüneburg, Germany), M. Diekmann (Vegetation 
Ecology and Conservation Biology, University of Bremen, Germany); and climatic data by 
K. Boqvist (Swedish Meteorological and Hydrological Institute, Norrköping, Sweden), 
W. Ernst (Deutscher Wetterdienst, Offenbach, Germany), L. Ågren (Ecological Research 
Station of Uppsala University, Färjestaden, Sweden), S. Kristiansen (Meteorological Institute, 
Oslo, Norway), K. M. Erhardi (Danish Meteorological Institute, Copenhagen, Denmark) 
T. Mitchell (Tyndall Centre for Climate Research, Norwich, United Kingdom), T. Carter & 
S. Fronzek (Finnish Environment Institute, Helsinki, Finland). We also thank G. Marion and 
S. Bierman (BIOSS, Edinburgh, United Kingdom) for statistical advice and two anonymous 
referees for helpful comments on earlier versions of the manuscript. Funding by the following 
agencies is kindly acknowledged: German Research Foundation (Project WA 1523/5-1), and 
the EC (within the FP 6 Integrated Project "ALARM"; GOCE-CT-2003-506675). 
2.7 References 
ADDO-BEDIAKO, A., CHOWN, S.L. & K.J. GASTON (2000): Thermal tolerance, climatic vari-
ability and latitude. Proc. R. Soc. Lond. B 267: 739-745.  
ANDERGASSEN, S. & H. BAUER (2002): Frost hardiness in the juvenile and adult life phase of 
Ivy (Hedera helix L.). Plant Ecol. 161: 207-213. 
BANUELOS, M.J., KOLLMANN, J., HARTVIG, P. & M. QUEVEDO (2004): Modelling the distribu-
tion of Ilex aquifolium at the north-eastern edge of its geographical range. Nord. J. 
Bot. 23(1): 129-142. 
BEGON, M., HARPER, J.L. & C.R. TOWNSEND (1996): Ecology – Individuals, populations and 
communities. 3rd ed. – Blackwell, Oxford. 
BERGER, S. (2003): Ilex aquifolium – Bioindikator für Klimaveränderung? – Diplomarbeit, 
Institut für Geobotanik, Universität Hannover. 
BROMMER, J.E. (2004): The range margins of northern birds shift polewards. Ann. Zool. Fenn. 
41: 391-397. 
CALLAUCH, R. (1983): Untersuchungen zur Biologie und Vergesellschaftung der Stechpalme 
(Ilex aquifolium). – Dissertation, Universität des Landes Hessen, Kassel.  
 19
COHEN, J. (1960): A coefficient of agreement for nominal scales. Educ. Psychol. Meas. 20: 
37-46. 
CROZIER, L. (2003): Winter warming facilitates range expansion: cold tolerance of the butter-
fly Atalopedes campestris. Oecologia 135: 648-656. 
ENQUIST, F. (1924): Sambandet mellan klimat och växtgränser. Geol. Fören. Förhandl. 46: 
202-213. 
FIELDING, A.H. & J.F. BELL (1997): A review of methods for the assessment of prediction 
errors in conservation presence/absence models. Environ. Conserv. 24: 38-49. 
FISCHER, W. (1965): Über Wassergehalt und Standortsverhältnisse bei einigen wintergrünen 
atlantischen Pflanzenarten an der Ostgrenze ihrer Verbreitung in NW-Brandenburg.  
– Dissertation, Dtsch. Akad. Landwirtschaftswiss., Berlin. 
FOLLAND, C.K. & T.R. KARL (2001): Observed Climate Variability and Change. In: 
HOUGHTON, J.T., DING, Y., GRIGGS, D.J., NOGUER, M., VAN DER LINDEN, P.J., DAI, X., 
MASKELL, K. & C.A. JOHNSON (eds.): Climate Change 2001: The Scientific Basis. pp. 
99-181. – Cambridge University Press, Cambridge. 
FORSMAN, J.T. & M. MONKKONEN (2003): The role of climate in limiting European resident 
bird populations J. Biogeogr. 30: 55-70. 
GRABHERR, G., GOTTFRIED, M. & H. PAULI (1994): Climate effects on mountain plants. Na-
ture 369: 448. 
GRAVES, J. & D. REAVEY (1996): Global Environmental Change – Plants, Animals and Com-
munities. – Longman, Essex. 
HILL, J.K., THOMAS, C.D. & B. HUNTLEY (1999): Climate and habitat availability determine 
twentieth century changes in a butterfly’s range margins. Proc. R. Soc. Lond. B 266: 
1197-1206.  
HILL, J.K., THOMAS, C.D., FOX, R., TELFER, M.G., WILLIS, S.G., ASHER, J. & B. HUNTLEY 
(2002): Responses of butterflies to twentieth century climate warming: implications 
for future ranges. Proc. R. Soc. Lond. B 269: 2163-2171. 
HOLMBOE, J. (1913): Kristtornen i Norge. Bergens Museums Aarbok 7: 1-91. 
HUGHES, L. (2000): Biological consequences of global warming: is the signal already appar-
ent? Trends Ecol. Evol. 15: 56-61.  
HUMPHRIES, M.M., THOMAS, D.W. & J.R. SPEAKMAN (2002): Climate-mediated energetic 
constraints on the distribution of hibernating mammals. Nature 418: 313-316.  
IVERSEN, J. (1944): Viscum, Hedera and Ilex as climatic indicators. A contribution to the 
study of past-glacial temperature climate. Geol. Fören. Förhandl. 66: 463-483. 
JENSEN, M.N. (2003): Consensus on ecological impacts remains elusive. Science 299: 38.  
 20
LANDIS, J.R. & G.C. KOCH (1977): The measurement of observer agreement for categorical 
data. Biometrics 33: 159-174. 
LARCHER, W. (2003): Physiological Plant Ecology. 4th ed. – Springer, Berlin. 
LEEMANS, R. (1996): Biodiversity and global change. In: K.J. Gaston (ed.): Biodiversity – A 
Biology of Numbers and Difference. pp. 367-387 – Blackwell, Oxford. 
LOESENER, T. (1919): Über die Aquifoliaceen, besonders über Ilex. Mitt. Dtsch. Dendrol. Ges. 
28: 1-66. 
MEUSEL, H., JÄGER, E. & E. WEINERT (1965): Vergleichende Chorologie der zentraleuropäi-
schen Flora. – Fischer, Jena. 
MITCHELL, T.D., CARTER, T.R., JONES, P.D., HULME, M. & M. NEW (2004): A comprehensive 
set of high-resolution grids of monthly climate for Europe and the globe: the observed 
record (1901-2000) and 16 scenarios (2001-2100). Tyndall Centre Working Papers 55: 
July 2004, available at:  
http://www.tyndall.ac.uk/publications/working_papers/wp55.pdf 
NEW, M., HULME, M. & P.D. JONES (1999): Representing twentieth century space-time vari-
ability. Part I. Development of a 1961-90 mean monthly terrestrial climatology. 
J.Clim. 12: 829-856. 
NEW, M., HULME, M. & P.D. JONES (2000): Representing twentieth century space-time vari-
ability. Part 2. Development of 1901-96 monthly grids of terrestrial surface climate. J. 
Clim. 13: 2217-2238. 
PARMESAN, C., RYRHOLM, N., STEFANESCU C., HILL, J.K., THOMAS, C.D., DESCIMON, H., 
HUNTLEY, B., KAILA, L., KULLBERG, J., TAMMARU, T., TENNET, W.J., THOMAS J.A. & 
M. WARREN (1999): Poleward shifts in geographical ranges of butterfly species asso-
ciated with regional warming. Nature 399: 579-583.  
PARMESAN, C. & G. YOHE (2003): A globally coherent fingerprint of climate change impacts 
across natural systems. Nature 421: 37-42. 
PETERKEN, G.F. & P.S. LLOYD (1967): Biological flora of the British Isles. J. Ecol. 55: 841-
858. 
POTT, R. (1990): Die nacheiszeitliche Ausbreitung und heutige pflanzensoziologische Stel-
lung von Ilex aquifolium L. Tuexenia 10: 497-512. 
PRENTICE, I.C., CRAMER, W., HARRISON, S., LEEMANS, R., MONSERUD, R.A. & A.M. 
SOLOMON (1992): A global biome model based on plant physiology and dominance, 
soil properties and climate. J. Biogeogr. 19: 117-134.  
 21
ROOT, T.L., PRICE, J.T., HALL, K.R., SCHNEIDER, S.H., ROSENZWEIG, C. & J.A. POUNDS 
(2003): Fingerprints of global warming on wild animals and plants. Nature 421: 57-
60.  
RUNGE, F. (1950): Die Standorte der Hülse (Ilex aquifolium L.) in der Umgebung des Natur-
schutzgebietes “Heiliges Meer” bei Hopsten (Westf.). Natur und Heimat 10: 65-77. 
SAKAI, A. (1982): Freezing Resistance of Ornamental Trees and Shrubs. J. Am. Soc. Hortic. 
Sci. 107: 572-581. 
SITTE, P., WEILER, E.W., KADEREIT, J.W., BRESINSKY, A. & C. KÖRNER (2002): Strasburger  
– Lehrbuch der Botanik. 35th ed. – Spektrum Akademischer Verlag, Heidelberg. 
SKOV, F. & J.-C. SVENNING (2004): Potential impact of climatic change on the distribution of 
forest herbs in Europe. Ecography 27: 366-380.  
SVENNING, J.-C. & F. SKOV (2004): Limited filling of the potential range in European tree 
species. Ecol. Letters 7: 565-573.  
SYKES, M.T., PRENTICE, I.C. & W. CRAMER (1996): A bioclimatic model for the potential 
distributions of north European tree species under present and future climates. J. Bio-
geogr. 23: 203-233. 
THOMAS, C.D. & J.J. LENNON (1999): Birds extend their ranges northwards. Nature 399: 213. 
THOMAS, C.D., BODSWORTH, E.J., WILSON, R.J., SIMMONS, A.D., DAVIES, Z.G., MUSCHE, M. 
& L. CONRADT (2001): Ecological and evolutionary processes at expanding range 
margins. Nature 411: 577-581. 
WALTER, H. & H. STRAKA (1970): Arealkunde – Floristisch-historische Geobotanik. 2nd ed. – 
Ulmer, Stuttgart. 
WALTHER, G.-R. (2004): Plants in a warmer world. Perspect. Plant Ecol. Evol. Syst. 6: 169-
185. 
WALTHER, G.-R., BURGA, C.A. & P.J. EDWARDS (eds.) (2001): “Fingerprints” of Climate 
Change – Adapted behaviour and shifting species ranges. – Kluwer Academic / Ple-
num Publishers, New York. 
WALTHER, G.-R., POST, E., CONVEY, P., MENZEL, A., PARMESAN, C., BEEBEE, T.J.C., 
FROMENTIN, J.-M., HOEGH-GULDBERG, O. & F. BAIRLEIN (2002): Ecological responses 
to recent climate change. Nature 416: 389-395.  
WOODWARD, F.I. (1987): Climate and plant distribution. – Cambridge University Press, Cam-
bridge. 
WOODWARD, F.I., LOMAS, M.R. & C.K. KELLY (2004): Global climate and the distribution of 
plant biomes. Phil. Trans. R. Soc. Lond. B 359: 1465-1476.  
 22
3 Distribution of evergreen broad-leaved woody species in In-
subria in relation to bedrock and precipitation2 
3.1 Abstract 
An increasing number of evergreen broad-leaved species has been reported to natural-
ise in deciduous lowland forests near the lakes of southern Switzerland and northern Italy 
(Insubria), favoured by rising winter temperatures of the last few decades. Whereas existing 
studies on this issue concentrated on individual lakes or selected species only, the here pre-
sented survey covers the entire Insubrian region and focuses on differences in distribution of 
evergreen broad-leaved species and their local environmental constraints. Species’ composi-
tion, cover values and degree of establishment of exotic and indigenous evergreen broad-
leaved species were recorded on 22 study sites throughout the Insubrian region, from Lago 
d’Orta in the west to Lago di Garda in the east and analysed in relation to the regional precipi-
tation gradient and differences in the geological bedrock. Whereas the general vegetation shift 
towards more evergreen broad-leaved species is consistent with a climate change explanation, 
distinct local differences in the distribution and composition of evergreen broad-leaved spe-
cies within the area can be explained by the regional precipitation gradient and differences in 
the bedrock. 
Keywords: Biogeography, climate change, exotic species, invasion, range margin, Ticino, 
vegetation shifts. 
3.2 Introduction 
The global distribution of evergreen broad-leaved vegetation is determined by climatic 
factors, with low winter temperatures and the length of the growing season as major factors 
limiting the range of these species towards the poles (e.g. BOX 1981, WALTER & BRECKLE 
1999, WOODWARD et al. 2004). In Europe, repeated glaciations have diminished the diverse 
tertiary evergreen broad-leaved flora to a few species being able to recolonise central Euro-
pean forests in the course of the Holocene (SCHMID 1939, LANG 1994). Hence, there is now 
an impoverished pool of native species belonging to the hygrophil type of evergreen broad-
                                                          
2 Published in Botanica Helvetica. 
Birkhäuser Verlag: www.springer.com/dal/home/birkhauser 
Full reference: BERGER, S. & G.-R. WALTHER (2006): Distribution of evergreen broad-leaved woody species in 
Insubria in relation to bedrock and precipitation. Bot. Helv. 116: 79-91. 
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leaved (= laurophyllous) vegetation in central Europe, compared to other regions with similar 
climatic conditions, i.e. in the transition zone between deciduous and evergreen broad-leaved 
forest in East Asia and North America (FUJIWARA & BOX 1994). However, in the past centu-
ries, numerous exotic evergreen broad-leaved ornamentals were introduced from these areas 
and cultivated in gardens and parks in Europe wherever allowed by the local environmental 
conditions. These introduced species enriched the pool of warm-temperate/subtropical species 
for naturalisation in Europe considerably. 
In recent years, an increasing number of introduced laurophyllous species has spread 
and naturalised in deciduous forests around the Insubrian lakes (GIANONI et al. 1988, KLÖTZLI 
et al. 1996, CARRARO et al. 1999, 2001, KLÖTZLI & WALTHER 1999, WALTHER 1999). Exist-
ing studies on this issue concentrated so far on individual lakes or selected species only, and, 
in some cases, only unpublished data or reports are available (LARCHER 1979, BRANDES 1989, 
BRULLO & GUARINO 1998, WALTHER et al. 2001, PROSSER 2002, WALTHER 2003, GUARINO 
& SGORBATI 2004, K. KÜTTEL unpubl. results, R. ZÄCH unpubl. results). The few existing 
studies on the flora and vegetation of the entire Insubrian region were published decades ago 
(SCHRÖTER 1936, SCHMID 1956, OBERDORFER 1964, PITSCHMANN et al. 1965), i.e. well 
before the period of pronounced expansion of evergreen broad-leaved species in the recent 
past (GIANONI et al. 1988, WALTHER 2001). 
Previous studies have provided a better understanding of the preferences of these ev-
ergreen broad-leaved species in terms of their temperature requirements (SAKAI & LARCHER 
1987, LARCHER 2000) and addressed the importance of rising winter temperatures in the last 
decades for their establishment (WALTHER 2000). However, knowledge of the species’ spe-
cific preferences regarding other environmental factors is still lacking, but important to 
explain the spatial distribution of the species on a more local scale. In order to detect spatial 
patterns of the evergreen broad-leaved species’ distribution, regarding the exotic laurophyl-
lous species as well as other evergreen broad-leaved woody species, it is required to consider 
the Insubrian region as a whole, including its major environmental gradients. This study aims 
at compiling the knowledge from various local reports and complementing it with new field 
data. Forest stands rich in evergreen broad-leaved species were localised along the Insubrian 
lakes and sampled for their cover with evergreens. We compare the species composition and 
their degree of establishment in different study sites across the Insubrian region, in order to 
detect and explain spatial patterns in relation to a regional precipitation gradient and differ-
ences in the geological bedrock. 
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3.3 Study area 
The study area is located around the larger Insubrian lakes from Lago d’Orta in the 
west to Lago di Garda in the east. It is covering the range from 8° 25’ N to 10° 55’ N and 
45° 30’ E to 46° 10’ E, approximately (Fig. 3.1). For the purpose of this study only forest 
stands below 500 m a.s.l. were of interest, because the target species of this study are re-
stricted to this altitudinal belt. Whereas siliceous substrates are dominant in the western part 
of the study area, the region of Lago di Garda and Lago d’Iseo is dominated by calcareous 
bedrock 
(Fig. 3.1a).
 
 
 
Fig. 3.1: Overview of the study area in the Insubrian lake region with information on a) bedrock, based on 
OBERDORFER (1964), modified, and b) the localities of the sample sites (for detailed information see Ta-
ble 3.1) and annual precipitation (based on SCHWARB et al. 2000). 
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Insubria was early recognised as a distinct bioclimatic region, characterised by its mild 
climate (CHRIST 1879, SCHMID 1939, GIACOMINI & FENAROLI 1958). Within the region, a 
major climatic gradient from west to east is given by precipitation spanning a range from ca. 
2000 mm per year in the region of Lago Maggiore in the west to less than 1000 mm per year 
at the southern end of Lago di Garda in the east (Fig. 3.1b). The effect of this gradient in the 
yearly amount of rainfall is further amplified by the seasonal pattern with summer rain in the 
west and 1-3 months of summer drought in the east (for details see REISIGL 1996).  
The landscape at the southern foot of the Alps is characterised by the lakes and the ad-
jacent steep slopes. The lowland forests near the lakes consist mainly of deciduous tree 
species (MAYER 1983). A predominant tree species in the study area is Castanea sativa, 
which was introduced by the Romans (CONEDERA et al. 2004). Among the most abundant 
native tree species are Quercus spp., Tilia spp., Fraxinus spp. and Ostrya carpinifolia. Only 
few indigenous evergreen broad-leaved species are able to grow up to the tree layer, such as 
Quercus ilex, Ilex aquifolium, Laurus nobilis (considered indigenous at least in the Italian part 
of the investigation area) as well as the liana Hedera helix. REISIGL (1996) distinguished two 
major types of lowland forest communities in western Insubria: Species-poor oak-birch forest 
on shallow soils, belonging to the alliance Quercion robori-petraeae. On mesic soils species-
rich Insubrian deciduous hardwood forests are developed, belonging to the alliance Carpinion. 
Detailed floristic and phytosociological descriptions of the study area are provided by KNAPP 
(1953), OBERDORFER (1964), GIANONI et al. (1988), REISIGL (1996), BRULLO & GUARINO 
(1998), CARRARO et al. (1999) and WALTHER (2000). 
In contrast to the deciduous forest vegetation, the ornamental garden and park vegeta-
tion around the lakes is rich in evergreen broad-leaved species originating from warmer 
temperate and subtropical areas, with for instance Cinnamomum glanduliferum, Magnolia 
grandiflora, Camellia japonica, Rhododendron spp., Trachycarpus fortunei and Prunus lau-
rocerasus (e.g. SCHRÖTER 1936, SCHMID 1956). WALTHER (1999) gives a comprehensive list 
of the most abundant and often naturalising species in the Swiss part of the study area.  
3.4 Methods 
The probability to record neophytes with standardised monitoring protocols may be 
reduced due to the preference of these species to peculiar habitat types (e.g. proximity to 
anthropogenically influenced sites) (BÄUMLER et al. 2005). As most of the species investi-
gated in this study are neophytes, we chose to focus on available adequate study sites, rather 
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than using a regular grided sampling design. We based our selection of study sites on existing 
local surveys of forests rich in evergreen broad-leaved species in the region, as well as on 
interviews with local experts. Numerous recent vegetation records document laurophyllisation 
in various areas, such as near Lago Maggiore (CARRARO et al. 1999, WALTHER 2000, G. 
CARRARO unpubl. data), Lago di Lugano (K. KÜTTEL unpubl. data, R. ZÄCH unpubl. data) and 
in the area of Lago d’Iseo and Lago di Como (G. CARRARO unpubl. data). BRULLO & 
GUARINO (1998) provide an overview of the distribution of Laurus nobilis, Ilex aquifolium 
and Quercus ilex around Lago di Garda. Synanthropic species were also reported from Monte 
Brione (PROSSER 2002).  
From these existing local surveys we selected the sites richest in evergreen broad-
leaved species, which also represent the best developed stages of laurophyllisation in the 
region. The selection was based on the number of different evergreen broad-leaved species in 
the records and their cover values, where present. In addition, an overall survey of the area 
along the lakes was carried out in order to verify whether the potential sampling sites selected 
from previous work really represented the sites with the greatest share of evergreen broad-
leaved species in the area. The survey was carried out in February/March 2005, as deciduous 
trees are still leafless in early spring and evergreen species thus easily recognised. 
On each locality a sampling plot of the approximate size of 10 x 10 m was determined. 
The plot was locally positioned in a way to cover best all the occurring evergreen species in 
the particular site. Species composition and cover of evergreen broad-leaved species of each 
plot was recorded, using cover values of the Braun-Blanquet scale (BRAUN-BLANQUET 1964), 
separating the individuals in the herb layer (<0.5 m), in the shrub layer (>0.5 <7 m) and in the 
tree layer (>7 m). In total, we investigated 22 sample plots distributed over the study area. 
In addition, the size of the tallest individuals of each species (up to a maximum of five 
plants, where present) at each locality was measured, or estimated if taller than 3 m. For the 
palm Trachycarpus fortunei, we measured the height of the woody stem, excluding the 
fronds. As a rule of thumb, Trachycarpus fortunei develops a woody stem after ca. 10 years 
under good growing conditions (cf. WALTHER 2003). As the petioles differ in length accord-
ing to light availability, we regarded the height of the woody stem as a more robust measure 
for the growth of the individuals. Young specimens without woody stems were not included 
in the analysis of the size data of the tallest individuals. The size data of the most frequent 
species (Laurus nobilis, Trachycarpus fortunei, Prunus laurocerasus and Cinnamomum glan-
duliferum) was assigned to the respective precipitation class of their location (SCHWARB et al. 
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2000). The precipitation classes with less than 1400 mm/year were merged to one class. The 
average height and standard deviation of the sampled individuals of each species for each 
precipitation class was calculated separately for individuals growing on localities with cal-
careous bedrock and siliceous bedrock respectively.  
Furthermore, the species’ preferences, derived from the spatial pattern in their In-
subrian distribution, were combined with and verified on the basis of ecological knowledge 
from the literature and the distribution of the species in their native habitat. This resulted in an 
ecogram for the seven most common evergreen broad-leaved species, which ranks their spe-
cific preferences regarding the gradient of precipitation and differences in the edaphic 
conditions in the Insubrian region. 
The nomenclature of plant names follows GRIFFITHS (1994) and AESCHIMANN et. al. 
(2004). 
3.5 Results 
There are distinct differences in the composition, distribution and abundance of ever-
green broad-leaved species between the study sites. Three biogeographic distribution patterns 
can be distinguished based on the data provided in Table 3.1: (i) Species occurring predomi-
nantly in the western part of the area (e.g. Cinnamomum glanduliferum and Trachycarpus 
fortunei), (ii) species prevailing in the eastern part of the area (e.g. Quercus ilex), and (iii) 
species consistent throughout the whole area, such as Laurus nobilis.  
The distribution of the species within the study sites coincides with the regional pre-
cipitation gradient as well with differences in the geological conditions of the study area. 
Cinnamomum glanduliferum is restricted to the western part of the study area, where it was 
found exclusively on siliceous soils in areas with high precipitation (Table 3.1 and Fig. 3.2). 
The distribution of the palm Trachycarpus fortunei is also concentrated in the western part of 
the study area, in areas with high precipitation but without any particular edaphic preference 
(Table 3.1, cf. also Fig. 3.2). Prunus laurocerasus also shows high abundance in the sampling 
plots of the western part of the area, whereas there are only few scattered occurrences in the 
eastern part (Table 3.1). 
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In contrast, Quercus ilex was mainly found in the eastern part of the area, thus, in the 
sampling plots with lower precipitation and predominantly on calcareous soils. Also Vibur-
num tinus is restricted to the drier, calcareous sites (Table 3.1). 
 
 
No clear preference for either end of the investigated gradient was found for Ligus-
trum lucidum and Laurus nobilis. The latter occurs consistently throughout the study area, 
with numerous specimens even present in the tree layer. Furthermore, the size of the tallest 
individuals of Laurus nobilis remains constant across all the investigated localities, independ-
ent of the varying precipitation regime (Fig. 3.2), contrary to the pattern shown by e.g. 
Cinnamomum glanduliferum (Fig. 3.2) and Trachycarpus fortunei (Fig. 3.2) with a clearly 
decreasing trend in size and frequency (Table 3.1), which is in parallel with decreasing pre-
cipitation values. 
 
Fig. 3.2: The mean height and standard deviation of up to five sampled individuals per location of Laurus 
nobilis, Trachycarpus fortunei, Prunus laurocerasus and Cinnamomum glanduliferum in relation to the 
annual precipitation of their location according to SCHWARB et al. (2000). White bars show locations with 
calcareous bedrock, grey bars show locations with siliceous bedrock. Above each bar the number of sam-
pled individuals/localities is indicated. The height of Trachycarpus fortunei is shown for the woody stem, 
excluding the fronds. 
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These peculiar spatial patterns of local species’ distribution and analogies of regional 
differences of environmental conditions were synthesised in an ecogram showing the ecologi-
cal preferences of the seven most common evergreen broad-leaved species regarding 
precipitation and bedrock in the investigated area (Fig. 3.3). The ecogram shows that Cinna-
momum glanduliferum is restricted to the siliceous substrates whereas Viburnum tinus and 
Quercus ilex are occurring on calcareous bedrock. The other species occur on calcareous as 
well as on siliceous bedrock. Regarding the precipitation of their localities, the species are 
ranked from Cinnamomum glanduliferum and Trachycarpus fortunei on the upper end of the 
moisture gradient, followed by Prunus laurocerasus and Ilex aquifolium to Laurus nobilis, 
Viburnum tinus and Quercus ilex on the driest sites. 
 
Fig. 3.3: Ecogram of the investigated species, ranking the 
species’ specific preferences in the Insubrian area 
(cf. Table 3.1), regarding the bedrock (siliceous / indifferent / 
calcareous) and the precipitation gradient.
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3.6 Discussion 
So far, the investigation of the evergreen broad-leaved vegetation has mainly focused 
on the effects of rising winter temperature of the recent past. It was shown that important 
temperature thresholds for the establishment and growth of the species representing this vege-
tation type were exceeded only a few decades ago, due to recent climate change (CARRARO et 
al. 1999, WALTHER 2002a, WALTHER et al. 2002).  
The minor differences in temperature within the region do not explain the observed 
differences within the set of target species, because they allow the survival of all the ever-
green broad-leaved species on favourable sites on southern slopes close to every Insubrian 
lake. Furthermore, especially the more frequently escaped species (cf. Table 3.1) are so 
widely cultivated in the entire area that the pattern of their subspontaneous population is not 
biased substantially by the availability of seed sources in gardens and parks. Hence, other 
environmental variables are needed to explain the obvious preference of some of the ever-
green broad-leaved species for peculiar sites within the investigated area. Distinct regional 
environmental gradients from west to east are given by the amount and regime of yearly 
precipitation, and by differences in the geological substrate, with predominantly siliceous 
soils in the west and calcareous soils in the east. These parameters are known to be important 
ecological factors limiting the distribution of individual species on regional to local scales 
(e.g. SITTE et al. 2002, POTT 2005), and are hereafter outlined with regard to the origin, ecol-
ogy and physiology of the most frequently occurring evergreen broad-leaved species. 
Cinnamomum glanduliferum was exclusively found on siliceous soils in the western 
area with high precipitation. The native range of the genus as well as morphological features 
of this particular tree species (e.g. the acuminate leaf apex) indicate its affinity to moist sub-
tropical conditions (cf. RAVINDRAN et al. 2004). The latter allow fast growth of the young 
plants when water supply and nutrients are not limited. In the area of the southern foot of the 
Alps, this is only the case in the parts with high precipitation and siliceous bedrock, which 
allow the accumulation of humus in the top soil layer. 
Trachycarpus fortunei occurs regularly and with high cover values on sites in the 
western part of the area, whereas the occurrence in the eastern part is restricted to very few 
localities with low densities (Table 3.1, cf. also Fig. 3.2). This pronounced decline in fre-
quency and the decreasing size of the Trachycarpus fortunei individuals are in line with the 
decrease in precipitation towards the east. This indicates that the species is struggling to estab-
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lish when approaching its precipitation limit. The easternmost study sites are characterised by 
more pronounced summer droughts which may limit the growth of this subtropical species, 
also supported by the fact that Trachycarpus fortunei is restricted to areas with a humid cli-
mate in its native range (WALTHER 2002b). Thus, in the eastern part of the investigation area 
Trachycarpus fortunei occurs in very few places, and, in contrast to the established subspon-
taneous populations in the western part, there is still doubt about the persistence of the 
individuals found in the eastern part (see PROSSER 2002). 
Prunus laurocerasus also shows high abundance in the sampling plots in the western 
part of the area, whereas the occurrences are only scattered in the eastern part. This underlines 
the affiliation of the species to the western vegetation type, also referred to as Laurocerasus-
belt (see SCHMID 1956). In the native range, Prunus laurocerasus is known to grow on both 
calcareous and siliceous soils in areas with annual precipitation above 1200 mm 
(ZAZANASHVILI 1999). In the Turkish part of the Black Sea region, Prunus laurocerasus 
occurs in areas with an annual mean temperature of 14.5 °C where the annual rainfall, distrib-
uted throughout the year, exceeds 830 mm (ISLAM 2002). The distribution pattern in Insubria 
and the information from the native range (cf. also Fageta laurocerasosa in NAKHUTSRISHVILI 
1999) suggest that climatic parameters in the study area, especially the increasing risk of 
drought periods towards the east, have a limiting effect on the distribution of Prunus lauro-
cerasus. 
In contrast, Laurus nobilis is present in almost all the sampled plots, independent of 
the geological substrate. This is in agreement with information from horticultural literature 
(KRÜSSMANN 1960) and natural stands of Laurus nobilis throughout the Mediterranean region 
(cf. BRULLO et al. 2001). Despite its broader amplitude in terms of water supply, Laurus 
nobilis was ranked on the drier end of the gradient in the ecogram (Fig 3.3) to underline its 
relative drought tolerance compared to the other aforementioned evergreen broad-leaved 
species. Consequently, except from temperature, Laurus nobilis meets no major limitations 
within the investigated area, neither regarding the precipitation regime nor in terms of the 
geological conditions. 
A species mainly found in the eastern part of the area is the Mediterranean Quercus 
ilex. The only exclave in the western part of the study area, where Quercus ilex regenerates 
subspontaneously, is on the south-facing slope of Monte Caslano. This site is clearly distin-
guished from the surrounding area by its calcareous, shallow soils with reduced water storage 
capacity and consequent temporary drought stress, despite relatively high annual precipitation 
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(cf. COTTI et al. 1990, ZÄCH unpubl.). In the entire region, this relatively slow growing 
sclerophyllous species profit on shallow calcareous soils from reduced competition from 
either deciduous species (LARCHER 1979, BARBERO et al. 1992, BRULLO & GUARINO 1998, cf. 
also MITRAKOS 1980, KOLLMANN & PFLUGSHAUPT 2005), or other, faster growing evergreen 
broad-leaved (laurophyllous) species. This explains the restriction of this species at its north-
ern fringe of distribution to drier sites with calcareous soils, whereas in the core area of 
distribution no clear soil preference is expressed by Quercus ilex (S. SABATE, pers com.). The 
same pattern is shown for Viburnum tinus which is often associated with Quercus ilex (see 
also BARBERO et al. 1992). It shares the same ecological preferences for dry, calcareous sites 
in the here investigated area, in spite of its edaphic indifference in eumediterranean areas of 
its distribution (see TORRES et al. 2002). 
Whereas the aforementioned species occur sufficiently frequently in the area to derive 
information on their ecological preferences, others (cf. Table 3.1) are still restricted by the 
varying availability of seed sources in gardens and parks. Hence, the restriction of Aucuba 
japonica to the western part, and the opposite for Pittosporum tobira seems rather to be an 
artefact of sample size, and is lacking confirmation from the literature. For instance, Pitto-
sporum tobira has also been reported to grow on siliceous soils in the western part of the area 
(WALTHER 1999). In its native habitat, Pittosporum tobira grows on dry sites with shallow 
soils, such as mountain ridges, indicating some extent of drought resistance (NAKAMURA et al. 
2000). 
In general, this study shows that the effect of the precipitation gradient in the study 
area is modified by the geological bedrock with clear effects on the distribution of sensitive 
species. In the western part, precipitation is high, and there is mainly siliceous bedrock. The 
decay of organic matter is relatively slow and allows the accumulation of a relatively thick 
humus layer (BLASER 1973). In contrast, the calcareous underground in the eastern part of the 
area provides soils with a lower water storage capacity, increasing the risk of drought stress. 
With increasing risk of drought stress the laurophyllous species become less abundant and 
they are increasingly replaced by sclerophyllous, (sub-)Mediterranean species. Hence, not 
only the native vegetation, but also the distribution and composition of introduced evergreen 
broad-leaved species reflect the two bioclimatic and floristic Insubrian subtypes distinguished 
in the literature (e.g. OBERDORFER 1964, REISIGL 1996). 
THOMAS et al. (2001) emphasised that habitat requirements of species become more 
specific towards range boundaries. Hence, the peripheral areas of species’ distribution may 
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provide best estimates for a detailed understanding of species’ specific ecological preferences, 
which is of current interest, as species at their northern boundaries have recently expanded 
their habitat ranges as conditions have become less marginal, due to climate change (THOMAS 
et al. 2001, WALTHER et al. 2005, see also WALTHER 2004). 
3.7 Conclusions 
Whereas the general vegetation shift towards more evergreen broad-leaved species is 
consistent with a climate change explanation, distinct differences on the species level suggest 
further environmental constraints resulting in the varying composition, abundance and fre-
quency of evergreen broad-leaved species within the area. Evergreen broad-leaved species 
were detected in lowland deciduous forests near all the lakes, although the forested area and 
thus the availability of suitable investigation sites decreases towards the east. The distinct 
distribution patterns of the different species and their varying ability to establish in the studied 
sites is related to the regional precipitation gradient and differences in the bedrock. 
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3.9 Zusammenfassung 
Berger. S. und Walther G.-R. Verbreitung von immergrünen Laubholzarten in Insubrien in 
Bezug zum geologischen Untergrund und Niederschlag. 
Zahlreiche immergrüne Laubholzarten haben sich, begünstigt durch die angestiegenen 
Wintertemperaturen der letzten Jahrzehnte, in den sommergrünen Tieflagenwäldern um die 
großen Seen der Südschweiz und Norditaliens (Insubrien) etablieren können. Während bis-
herige Untersuchungen sich auf lokale Gebiete oder bestimmte Arten beschränkten, umfasst 
diese Studie die gesamte Insubrische Region und analysiert die Unterschiede in der Verbrei-
tung der einzelnen immergrünen Arten und im Artenspektrum der untersuchten Standorte, 
sowie deren Zusammenhang mit auf lokaler Ebene maßgeblichen Umweltfaktoren. Arten-
spektrum, Deckungsgrade und der Etablierungsgrad der immergrünen Laubholzarten wurde 
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an 22 Untersuchungspunkten zwischen Orta- und Gardasee erfasst und in Bezug zum regio-
nalen Niederschlagsgradienten und zu geologischen Unterschieden gestellt. Während die 
allgemeine Zunahme an immergrünen Arten mit dem Klimawandel im Zusammenhang steht, 
können lokale Unterschiede in der Verbreitung der einzelnen Arten innerhalb der Region und 
im Artenspektrum der untersuchten Standorte anhand des regionalen Niederschlagsgradienten 
und Unterschieden im geologischen Untergrund erklärt werden. 
3.10 References 
AESCHIMANN, D., LAUBER, K., MOSER, D.M. & J.P. THEURILLAT (2004): Flora alpina.  
– Haupt, Bern. 
BARBERO, M., LOISEL, R. & P. QUEZEL (1992): Biogeography, ecology and history of Medi-
terranean Quercus ilex-ecosystems. Vegetatio 100: 19-34. 
BÄUMLER, B., MOSER, D.M., GYGAX, A., LATOUR, C. & N.WYLER (2005): Fortschritte in der 
Floristik der Schweizer Flora (Gefäßpflanzen). Bot. Helv. 115: 83-93. 
BLASER, P. (1973): Die Bodenbildung auf Silikatgestein im südlichen Tessin. Mitt. Schweiz. 
Anst. forstl. Vers.wes. 49: 254-340. 
BOX, E.O. (1981): Macroclimate and plant forms: An introduction to predictive modelling in 
phytogeography. Tasks for vegetation science 1. – Junk Publishers, The Hague. 
BRANDES, D. (1989): Zur Soziologie einiger Neophyten des insubrischen Gebietes. Tuexenia 
9: 267-274. 
BRAUN-BLANQUET, J. (1964): Pflanzensoziologie. 3. ed. – Springer, Wien. 
BRULLO, S. & R. GUARINO (1998): The forest vegetation from the Garda lake (N Italy). Phy-
tocoenologia 28: 319-355. 
BRULLO, S., COSTANZO, E. & V. TOMASELLI (2001): Phytosociological study on the Laurus 
nobilis communities in the Hyblaean Mountains (SE Sicily). Phytocoenologia 31: 
249-270. 
CARRARO, G., KLÖTZLI, F., WALTHER, G.-R., GIANONI, P. & R. MOSSI (1999): Observed 
changes in vegetation in relation to climate warming. Final Report NRP 31. – vdf 
Hochschulverlag, Zürich. 
CARRARO, G., GIANONI, G., MOSSI, R., KLÖTZLI, F. & G.-R. WALTHER (2001): Observed 
changes in vegetation in relation to climate warming. In: BURGA, C.A. & 
KRATOCHWIL, A. (eds.): Biomonitoring: General and applied aspects on regional and 
global scales. Tasks for vegetation science 35. pp. 195-205. – Kluwer academic publi-
shers, Dordrecht. 
 36
CHRIST, H. (1879): Das Pflanzenleben der Schweiz. – Bern, Zürich. 
CONEDERA, M., KREBS, P., TINNER, W., PRADELLA, M. & D. TORRIANI (2004): The cultivation 
of Castanea sativa (Mill.) in Europe, from its origin to its diffusion on a continental 
scale. Veg. Hist. Archeobot. 13: 161-179. 
COTTI, G., FELBER, M., FOSSATI, A., LUCCHINI, G., STEIGER, E. & P.L. ZANON (1990): Intro-
duzione al paesaggio naturale del Cantone Ticino. 1. Le componenti naturali.  
– Armando Dado editore, Locarno. 
FUJIWARA, K. & E.O. BOX (1994): Evergreen broad-leaved forests of the southeastern United 
States. In: MIYAWAKI, A., IWATSUKI, K. & M.M. GRANDTNER (eds.): Vegetation in 
Eastern North America. pp. 273-312. – University of Tokyo Press, Tokyo.  
GIACOMINI, V. & L. FENAROLI (1958): La Flora. Conosci l'Italia 2. – Milano. 
GIANONI, G., CARRARO, G. & F. KLÖTZLI (1988): Thermophile, an laurophyllen Pflanzenarten 
reiche Waldgesellschaften im hyperinsubrischen Seenbereich des Tessins. Ber. Geo-
bot. Inst. ETH, Stiftung Rübel, Zürich 54: 164-180. 
GRIFFITHS, M. (1994): Index of garden plants. The New Royal Horticultural Society Diction-
ary. – Macmillan, London. 
GUARINO, R. & S. SGORBATI (2004): Guida Botanica al parco Alto Garda Bresciana. –
Tipolitografia Bongi di Altini Paolo & Luigi snc, San Miniato. 
ISLAM, A. (2002): 'Kiraz' cherry laurel (Prunus laurocerasus). N. Z. J. Crop Hortic. Sci. 30: 
301-302. 
KLÖTZLI, F., WALTHER, G.-R., CARRARO, G. & A. GRUNDMANN (1996): Anlaufender Biom-
wandel in Insubrien. Verh. Ges. Ökol. 26: 537-550. 
KLÖTZLI, F. & G.-R. WALTHER (1999): Recent vegetation shifts in Switzerland. In: KLÖTZLI, 
F. & G.-R WALTHER (eds.): Conference on recent shifts in vegetation boundaries of 
deciduous forests, especially due to general global warming. pp. 273-300. – Birk-
häuser, Basel. 
KNAPP, R. (1953): Studien zur Vegetation und pflanzengeographischen Gliederung Nordwest-
Italiens und der Süd-Schweiz. Kölner geogr. Arb. 4: 5-59. 
KOLLMANN, J. & K. PFLUGSHAUPT. (2005): Population structure of a fleshy-fruited species at 
its range edge – the case of Prunus mahaleb L. in northern Switzerland. Bot. Helv. 
115: 49-61. 
KRÜSSMANN, G. (1960): Handbuch der Laubgehölze. – Paul Parey, Berlin. 
LANG, G. (1994): Quartäre Vegetationsgeschichte Europas. – Gustav Fischer, Jena. 
LARCHER, W. (1979): Climate and plant life of Arco. – Azienda autonoma di cura e sog-
giorno, Arco. 
 37
LARCHER, W. (2000): Temperature stress and survival ability of Mediterranean sclerophyllous 
plants. Plant Biosystems 134: 279-295. 
MAYER, H. (1983): Waldgebiete der Alpen. Tüxenia 3: 307-318. 
MITRAKOS, K. (1980): A theory for Mediterranean plant life. Acta Oecologica-Oecologica 
Plantarum 1: 245-252. 
NAKAMURA, Y., DE LA TORRE, W.W., DEL-ARCO AGUILAR, M.J. & J.A. REYES-BETANCORT 
(2000): A phytosociological study on Mediterranean laurel forest area of Tenerife, 
Canary Islands - in comparison with Japanese laurel forest landscape area of Izu, Cen-
tral Japan. Phytocoenologia 30: 613-632. 
NAKHUTSRISHVILI, G. (1999): The vegetation of Georgia (Caucasus). Braun-Blanquetia 15: 1-
74. 
OBERDORFER, E. (1964): Der insubrische Vegetationskomplex, seine Struktur und Abgren-
zung gegen die submediterrane Vegetation in Oberitalien und in der Südschweiz. 
Beitr. naturk. Forsch. SW-Deutschl. 23: 141-187. 
PITSCHMANN, H., REISIGL, H. & H. SCHIECHTL (1965): Flora der Südalpen. – Gustav Fischer, 
Stuttgart. 
POTT, R. (2005): Allgemeine Geobotanik. – Springer, Berlin. 
PROSSER, F. (2002): Flora of Monte Brione by Riva del Garda (district of Trento). Atti Acc. 
Rov. Agiati 252 (ser VIII, vol. II B): 211-312. 
RAVINDRAN, P.N., NIRMAL BABU, K. & M. SHYLAJA (eds.) (2004): Cinnamon and Cassia -The 
genus Cinnamomum. – CRC Press, Boca Raton. 
REISIGL, H. (1996): Insubrien und das Gardaseegebiet - Vegetation, Florengeschichte, Ende-
mismus. Ann. Mus. civ. Rovereto 11 (Suppl. II): 9-25. 
SAKAI, A. & W. LARCHER (1987): Frost survival of plants. Ecological studies 62. – Springer, 
Berlin. 
SCHMID, E. (1939): Die Stellung Insubriens im Alpenbereich. Verh. Schweiz. Nat.forsch. Ges.: 
64-65. 
SCHMID, E. (1956): Flora des Südens. – Rascher, Zürich. 
SCHRÖTER, C. (1936): Flora des Südens. – Rascher, Zürich. 
SCHWARB, M., DALY, C., FREI, C. & C. SCHÄR (2000): Mittlere jährliche Niederschlagshöhen 
im europäischen Alpenraum 1971-1990. – Hydrologischer Atlas der Schweiz, Bern. 
SITTE, P., WEILER, E.W., KADEREIT, J.W., BRESINSKY, A. & C. KÖRNER (2002): Strasburger 
Lehrbuch der Botanik. – Spektrum, Heidelberg. 
 38
THOMAS, C.D., BODSWORTH, E.J., WILSON, R.J., SIMMONS, A.D., DAVIES, Z.G., MUSCHE, M. 
&, L. CONRADT (2001): Ecological and evolutionary processes at expanding range 
margins. Nature 411: 577-581. 
TORRES, J.A., VALLE, F., PINTO, C., GARCIA-FUENTES, A., SALAZAR, C. & E. CANO (2002): 
Arbutus unedo L. communities in southern Iberian Peninsula mountains. Plant Ecol. 
160: 207-223. 
WALTER, H. & S.-W. BRECKLE (1999). Vegetation und Klimazonen. 7. edn. – Ulmer, Stutt-
gart. 
WALTHER, G.-R. (1999): Distribution and limits of evergreen broad-leaved (laurophyllous) 
species in Switzerland. Bot. Helv. 109: 153-167. 
WALTHER, G.-R. (2000): Climatic forcing on the dispersal of exotic species. Phytocoenologia 
30: 409-430. 
WALTHER, G.-R. (2001): Laurophyllisation - a sign of a changing climate? In: BURGA, C.A. & 
A. KRATOCHWIL (eds.): Biomonitoring: General and applied aspects on regional and 
global scales. Tasks for vegetation science 35. pp. 207-223. – Kluwer Academic Pub-
lishers, Dordrecht.  
WALTHER, G.-R., CARRARO, G. & F. KLÖTZLI (2001): Evergreen broad-leaved species as 
indicators for climate change. In: WALTHER, G.-R., BURGA, C.A. & P.J.  EDWARDS, 
(eds.): “Fingerprints“ of Climate Change – Adapted behaviour and shifting species 
ranges. pp. 151-162. – Kluwer Academic/Plenum Publishers, New York.  
WALTHER, G.-R. (2002a): Weakening of climatic constraints with global warming and its 
consequences for evergreen broad-leaved species. Folia Geobot. 37: 129-139.  
WALTHER G.-R. (2002b): Die Verbreitung der Hanfpalme Trachycarpus fortunei im Tessin – 
50 Jahre nach der Erstaufnahme. Schweiz. Beitr. Dendrol. 47: 29-41.  
WALTHER, G.-R., POST, E., CONVEY, P., MENZEL, A., PARMESAN, C., BEEBEE, T.J.C., 
FROMENTIN, J.M., HOEGH-GULDBERG, O. & F. BAIRLEIN (2002): Ecological responses 
to recent climate change. Nature 416: 389-395. 
WALTHER, G.-R. (2003): Are there indigenous palms in Switzerland? Bot. Helv. 113: 159-
180. 
WALTHER, G.-R. (2004): Plants in a warmer world. Perspect. Plant Ecol. Evol. Syst. 6: 169-
185. 
WALTHER, G.-R., BERGER, S. & M.T. SYKES (2005): An ecological 'footprint' of climate 
change. Proc. R. Soc. Lond. B 272: 1427-1432.  
WOODWARD, F.I., LOMAS, M.R. & C.K. KELLY (2004): Global climate and the distribution of 
plant biomes. Phil. Trans. R. Soc. Lond. B 359: 1465-1476. 
 39
ZAZANASHVILI, N. (1999): On the Colkhic vegetation. In: KLÖTZLI, F. & G.-R. WALTHER 
(eds.). Conference on recent shifts in vegetation boundaries of deciduous forests, es-
pecially due to general global warming. pp. 181-197. – Birkhäuser, Basel.  
 40
4 Palms tracking climate change3 
4.1 Abstract 
Aim: Many species are currently expanding their ranges in response to climate change but the 
mechanisms underlying these range expansion are in many cases poorly understood. In this 
paper we explore potential climatic factors governing the recent establishment of new palm 
populations far north of any other viable palm population in the world.  
Location: Southern Switzerland, Europe, Asia, and the world. 
Methods: We identified ecological threshold values for the target species based on gridded 
climate data, altitude and distributional records from the native range and applied them to the 
introduced range using local field monitoring and measured meteorological data as well as a 
bioclimatic model.  
Results: We identify a strong relationship between minimum winter temperatures, influenced 
by growing season length and the distribution of the palm in its native range. Recent climate 
change strongly coincides with the palms’ recent spread into southern Switzerland, which is 
in concert with the expansion of the global range of palms across various continents. 
Main conclusions: Our results strongly suggest that the expansion of palms into (semi-) 
natural forests is driven by changes in winter temperature and growing season length and not 
by delayed population expansion. This implies that this rapid expansion is likely to continue 
in the future under a warming climate. Palms in general, and Trachycarpus fortunei in par-
ticular, are significant bioindicators across continents for contemporary climate change and 
reflect a global signal towards warmer conditions. 
Key words: Trachycarpus fortunei; Arecaceae; global warming; invasion; vegetation shift; 
exotic species; bioindicator; biogeography, northernmost palm population, Ticino. 
                                                          
3 Published in Global Ecology and Biogeography. 
Blackwell publishing: http://www.blackwellpublishing.com/ 
Full reference: WALTHER, G.-R., GRITTI, E.S., BERGER, S., HICKLER, T., TANG, Z. & M.T. SYKES (2007): Palms 
tracking climate change. Global. Ecol. Biogeogr. 16: 801-809. 
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4.2 Introduction 
In recent years and as a result of recent climate warming, changes in the behaviour and 
distribution of species, the composition of and interactions within communities, and the struc-
ture and dynamics of ecosystems have been observed in an array of habitats from the poles to 
equatorial regions (e.g. HUGHES 2000, WALTHER et al. 2002, PARMESAN & YOHE 2003, ROOT 
et al. 2003). Plants for example, are responding to the enhanced warming of recent decades by 
changing their phenological patterns and/or shifting their ranges to higher latitudes or alti-
tudes (WALTHER 2004). Furthermore, evidence is arising that not only indigenous species are 
responding to but also introduced species may profit from changing environmental conditions 
(WALTHER 2000, SOBRINO et al. 2001, see also DUKES & MOONEY 1999, SIMBERLOFF 2000). 
At the southern foot of the Alps, among the assemblage of invading evergreen broad-leaved 
plants, an introduced palm species (Trachycarpus fortunei (Hook.) Wendl.) has successfully 
colonised deciduous forests and established a vigorous population that already has fertile 
individuals (GIANONI et al. 1988, CARRARO et al. 1999, WALTHER 2003). 
In the palaeobotanical literature, palms in general are recognised as effective bioindi-
cators of warm climates. The presence of fossil palm remains in the geological record is 
invariably interpreted as indicative of warm and humid climatic conditions during the forma-
tion of the particular geological stratum (e.g. MAI 1995).  
Under current global climates, palms reach their greatest proliferation in the tropics 
and are much less prominent and diverse in temperate regions (GOOD 1953, JONES 1995, 
GIBBONS 2003, LÖTSCHERT 2006). However, in recent years, evidence is increasing that the 
most cold-hardy palm species are occurring beyond the usual latitudinal range limit of palms 
(STÄHLER 2000, WALTHER 2002a, FRANCKO 2003). We here compile and synthesise the 
various recent records reporting new occurrences of palms outside the known range of global 
palm distribution, focusing on the hemp palm, Trachycarpus fortunei, the most widely culti-
vated species at the latitudinal palm range margin. We explore potential climatic factors 
governing the recent establishment of a new subspontaneous palm population in southern 
Switzerland, far north of any other viable palm population in the world. Based on gridded 
climate data, altitude and distributional records from China, i.e. the native habitat of Trachy-
carpus fortunei, we aim at identifying the limiting climatic parameters in the native range and 
verifying whether a shift in climate might explain the palms’ recent spread in the introduced 
range south of the European Alps using a bioclimatic model. These findings are then applied 
to the global scale in order to assess whether there is an observed coherent range expansion of 
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this species on various continents, which can then be interpreted as a global signal of the 
shifting in climate towards warmer conditions. 
4.3 Material and Methods 
The native habitat of Trachycarpus fortunei is located in south-eastern Asia (DELECTIS 
FLORAE REIPUBLICAE POPULARIS SINICAE 1991, WU & DING 1999, GIBBONS 2003) as shown 
in Fig. 4.1. 
 
Based on the distribution of this particular palm species in its native range (DELECTIS 
FLORAE REIPUBLICAE POPULARIS SINICAE 1991, WU & DING 1999) we derived the species’ 
specific climatic requirements with regard to temperature and water availability. Whereas the 
absolute value of low temperatures limiting the species’ survival have intensively been stud-
ied (WINTER 1976, LARCHER & WINTER 1981, SAKAI & LARCHER 1987, cf. also WALTHER 
2002a), the experience from field experiments suggests that at least two climatic factors, i.e. 
low temperatures in winter and length of the growing season, are involved in limiting this 
species’ northern/upper distribution when exposed to natural conditions in the field 
(WALTHER 2003, see also FITZROYA 2004). 
 
Fig. 4.1: The native range of Trachycarpus fortunei in China and a compilation of sites where Trachycarpus 
fortunei occurs outside its native range. The broken lines indicate the poleward range margins of global 
natural palm distribution. In the inset, the solid line shows the northern limit of the former northernmost palm 
population (Chamaerops humilis). The symbols represent a (non-exhaustive) compilation of Trachycarpus-
sites based upon literature and internet search as well as personal observations and contacts; for details see 
text, acknowledgements and appendix 3. 
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In this study, we applied two approaches for deriving climatic constraints to the spe-
cies’ distribution in its native range. Both approaches used monthly climate data from the 
CRU dataset (0.5°; NEW et al. 2000) averaged over the period 1961-1990. 
Firstly, we superimposed gridded data of minimum monthly temperatures and growing 
season length (growing degree days above 5°C (GDD5) per year) on the distribution map of 
Trachycarpus fortunei in its native range in China in order to define the species’ limits with 
regard to these two bioclimatic variables. Information on local altitudinal limits (DELECTIS 
FLORAE REIPUBLICAE POPULARIS SINICAE 1991, WU & DING 1999) was used to exclude those 
grid cells within the range of the species but where the reference altitude was higher than the 
known upper elevational limit of locally occurring Trachycarpus. The resulting two subsets of 
grid cells separate grid cells whose geographical position (latitude/longitude) or reference 
altitude in the gridded climate data set is outside the range of Trachycarpus fortunei occur-
rences from those which overlap with the range of Trachycarpus fortunei. The difference in 
climate between these two subsets was used to define the potential range especially towards 
colder areas (cf. BEERLING et al. 1995, EDWARDS et al. 1998, GUISAN & THUILLER 2005). 
Secondly, although we here focus on the northern/upper limit of palm ranges, an esti-
mate of the complete bioclimatic envelope of this species was derived by comparing the 
realised and the modelled distribution in the native range, using the bioclimatic model 
STASH (cf. SYKES et al. 1996), based on gridded climate data derived from the CRU dataset 
for the period 1961-1990. This temporal envelope compares well to the available plant distri-
bution data on its native habitat (DELECTIS FLORAE REIPUBLICAE POPULARIS SINICAE 1991). 
The bioclimatic model (STAtic SHell) is a simple model which uses a minimum set of bio-
climatic parameters (mean temperature of the coldest month, growing season warmth, a 
drought index and for some species a requirement for chilling before budburst in the spring) 
to describe a species range. These parameters are assumed to present responses to important 
physiologically mechanisms within a plant, for example growing season length (growing 
degree days) is an index of the presence of energy suitable for the completion of a plant’s life 
cycle. Some of these parameters act as on-off switches, if for example, the minimum mean 
coldest month temperature (which is a surrogate for the absolute minimum (PRENTICE et al. 
1992)) in a grid cell falls below the species’ minimum limit, that species is excluded from that 
cell. Other parameters act directly upon net assimilation and respiration and thus on growth 
rate which is reflected as the degree of establishment success in a grid cell (SYKES et al. 1996 
for full details). 
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For the introduced range, we then analysed local and regional meteorological meas-
urements in order to verify whether critical climatic limits have been exceeded since 
Trachycarpus fortunei has started expanding its range into native vegetation in Europe. For 
the regional analysis, STASH was applied with the bioclimatic limits derived for the species’ 
native range, using gridded climate data averaged over two different time periods (1931-60 
and 1991-2000) for Europe (MITCHELL et al. 2004; 0.16º resolution). The first period was 
before the enhanced spread of palms and the second is well within the period of establishment 
and naturalisation of Trachycarpus fortunei in southern Switzerland. Thus, we are able to 
verify, whether the invasion history documented with field reports in southern Switzerland is 
also reflected in the temporal pattern of changes in climatic conditions (cf. DUKES & MOONEY 
1999, WALTHER 2000), or simply was a chorological phenomenon, depending on the avail-
ability of seed sources and suitable habitats. The improved knowledge of the history, 
chronology and driving mechanisms of the observed local establishment of Trachycarpus 
populations south of the Alps was then used as a basis for a better understanding and interpre-
tation of recent occurrences and shifts of Trachycarpus and other palm species at their 
poleward fringe area on the global scale. 
4.4 Results 
4.4.1 Bioclimatic preferences in the native habitat 
Two important bioclimatic factors exclude Trachycarpus fortunei in China from 
higher latitudes and altitudes (Fig. 4.2). Our results show that a mean temperature of + 2.2°C 
is the threshold for the coldest month in areas with values of about 2300 GDD5. Assuming a 
global, generally applicable relationship between monthly mean temperatures and daily ex-
tremes (PRENTICE et al. 1992), this corresponds to a minimum temperature of around -19ºC. 
In areas with values of significantly more than 3000 GDD5, the threshold temperature of the 
coldest month may be lowered by about half a degree (Fig. 4.2), which suggests a compensa-
tory effect of unfavourable winter temperatures by optimal growth in the growing season.  
In accordance with the analysis above, the STASH simulations achieved the best 
match with the observed distribution, using 2.2°C as the lower limit of the monthly mean 
temperature of the coldest month and GDD5 = 2300, when the southern/lower limit of the 
species distribution was defined by a maximum mean temperature of the coldest month of 
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15.5°C and a tolerated drought index (defined by 1-(actual evapotranspiration/ potential 
evapotranspiration [AET/PET]; for details see SYKES et al. 1996) of 0.26. 
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Fig. 4.2: Bioclimatic limits of the distribution of Trachycarpus fortunei towards northern and upper range 
margins in the native habitat in China. (Tcold = monthly mean temperature of the coldest month; GDD5 = 
growing degree days above 5°C per year). The arrow indicates a compensatory effect of optimal growth in 
the growing season for unfavourable winter temperatures (for details see text). 
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4.4.2 Potential and realised distribution in the introduced range 
Numerous local floristic inventories, dating as far back to the 19th nineteenth century, 
provided data for a detailed reconstruction of the chronology of spread and establishment of a 
new local palm population south of the Alps (Appendix 2). As in the case of many other 
ornamental species of the same origin, this palm has been introduced to Europe in the late 
18th/early 19th century (JACOBI 1998). However, whereas the introduction and subsequent 
frequent cultivation in gardens and parks took place about two centuries ago and led to the 
establishment of large garden populations with fruiting individuals, it is only in the last fifty 
years that the palm has succeeded in colonising protected sites such as shady and humid 
gorges. Some twenty years later, first occurrences of palm seedlings in forest stands have 
been documented, which persisted in the face of competition from the local indigenous flora 
and reached a fertile stage, so that substantial, fully functioning palm populations were thus 
established (Fig. 4.3).  
 
With the knowledge of the species’ specific climatic requirements in the native habitat 
(Fig. 4.2) and measured climate data of the introduced range, we can now address whether the 
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Fig. 4.3: Local climate data vs. invasion history of Trachycarpus fortunei palms in southern Switzerland. 
Milder winters (here indicated by the number of days without frost per year; annual values (broken line & 
dots) and smoothed 5-years averages (solid line) are shown (data from WALTHER 2002b, modified)) are 
considered a key factor for the survival and establishment of reproducing palm populations. The later stages 
of the invasion process have only been reached in the period of warmer climatic conditions (for details see 
appendix 2 and text). 
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history of the spatio-temporal spread of Trachycarpus fortunei does follow the pattern of 
improving climatic conditions in the introduced range (Fig. 4.4).  
Measured local meteorological data (Fig. 4.4) show that the periods with temperatures 
above the threshold value of + 2.2°C mean January-temperature (Fig. 4.2) have obviously 
increased in length and frequency. The smoothed 5-years averages reveal that isolated occa-
sional short-term events with favourable conditions until the 1950s developed into frequent 
short-term events in the early second half of the 20th century and finally become continuous 
conditions since the mid 1980s (Fig. 4.4).  
 
Furthermore, distinct differences can be seen in the simulated range for Trachycarpus 
fortunei in Europe for the two periods 1931-1960 and for 1991-2000, using the bioclimatic 
model STASH (Fig. 4.5). There is an obvious shift in the spatial distribution of Trachycarpus 
fortunei in southern-central Europe. In particular, the range of suitable habitats is moving into 
the area of southern Switzerland during this time (see insets of Fig. 4.5). Whereas in the first 
period the conditions in southern Switzerland were not suitable to allow enhanced growth and 
establishment of subspontaneous populations (Fig. 4.5, left), in the latter period the area 
where Trachycarpus fortunei has naturalised (southern Ticino/Switzerland) now overlaps with 
the simulated range of optimal bioclimatic conditions (Fig. 4.5, right). 
 
Fig. 4.4: Annual values for mean monthly temperature in January from 1864 to 2004 (data from SMA 
MeteoSwiss: www.meteoschweiz.ch/web/de/klima/klimaentwicklung/homogene_reihen.html, Meteorologi-
cal Station of Lugano; BEGERT et al. 2005). In addition, the linear trendline (dashed line) as well as 
smoothed values for five year averages (solid line) are shown.
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The model output suggests also other areas in Central Europe (e.g. coastal areas at the 
Bay of Biscay, but also new areas in Central-Western France and at the French-German bor-
der) where the conditions from a bioclimatic perspective seem to become increasingly 
suitable for Trachycarpus to grow (cf. also Fig. 4.1). 
4.4.3 The new northernmost palm population from a global perspective 
With this improved understanding of the history, chronology and driving mechanisms 
of an observed local establishment of palm populations in the introduced range (Appendix 2; 
cf. also CARRARO et al., 1999, WALTHER, 2002b, 2003), we are able to analyse and extrapo-
late these findings to the continental and global perspective. 
The new subspontaneous population at the southern foot of the Alps clearly is located 
outside the known global distribution of palms (Fig. 4.1). This new exclave of palm distribu-
tion occurs ca. 300 km NNE beyond the northernmost palm limit as recognised up to now 
(inset of Fig. 4.1) and its spatio-temporal development strongly suggests a climate change 
explanation (see above).  
Trachycarpus occurrences north of the Alps in Central Europe and in the southern 
coast of the British Isles can be seen as early stage invasions, where the seeds from planted 
 
Fig. 4.5: Simulated range for Trachycarpus fortunei in Europe for two different periods, based on species-
specific bioclimatic limits in the native range. Dark shades of grey denote better conditions for establish-
ment and growth (within the climatic envelope) than light shades due to the direct effect of climate on net 
assimilation and respiration simulated by the model (SYKES et al. 1996). The insets show that in southern 
Switzerland, the conditions became suitable for Trachycarpus palms only in the latter period. For symbols 
legend see Figure 4.1. 
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Trachycarpus palms are able to germinate in gardens and parks and to survive at least for 
some limited time (see Fig. 4.1). On other continents, but still within the belt of global palm 
distribution, Trachycarpus fortunei has been observed to spread out from garden areas into 
(semi-)natural habitats such as woodlands. Locally well established plants have been reported 
e.g. from Austin/Texas (L. LOCKETT, pers. comm.) and from North Island of New Zealand 
(e.g. HEALY & EDGAR 1980) (Fig. 4.1). 
4.5 Discussion 
It is widely accepted that a distribution including higher latitudes and altitudes of ev-
ergreen broad-leaved species in general and palms in particular is limited by the climatic 
conditions of the cold season (WOODWARD 1987, JONES 1995, WALTHER 2002b, FRANCKO 
2003, LÖTSCHERT 2006). For the palm, Trachycarpus fortunei, a threshold temperature of 
about + 2.2°C mean temperature of the coldest month was identified in its native range in 
China. However, enhanced growing degree accumulations of more than 3000 degree days 
may compensate unfavourable winter conditions with temperatures down to about + 1.3°C. 
There is observational evidence from areas outside the native range with suboptimal condi-
tions for the ecological interpretation of such compensatory effects (e.g. WALTHER 2003, 
FITZROYA 2004). Exposure of planted Trachycarpus palms to sub-lethal temperatures results 
in damage to fronds and spear and/or defoliation. As a consequence, a minimum growing 
degree day accumulation is required for the palm to recover the damage and resume growth 
(FITZROYA 2004). If that minimum is not achieved in one growing season, the plant is unable 
to fully replace damaged tissue, expends stored energy to replace greater lost mass at the cost 
of growth, and enters a period of decline (FITZROYA 2004). This observational evidence is 
also supported by experimental work where small palm seedlings were exposed to repeated 
defoliation (MCPHERSON & WILLIAMS 1998, cf. also ANTEN et al. 2003). Hence, a series of 
consecutive years with unfavourable climatic conditions will eventually kill smaller plants (cf. 
WALTHER 2003). On the contrary, limiting frost damage in the winter season reduces the 
number of GDD5 necessary to replace mass and resume growth (for further details see 
FITZROYA 2004). 
With this background, it is clear that although the cultivation of adult plants has been 
possible for decades in the area at the southern foot of the Alps in the past (and more recently 
in other areas north of the global palm distribution (cf. Fig. 4.1)), the regeneration south of the 
Alps has not been successful until the last few decades when there were consecutive years of 
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climatic conditions above the critical threshold. This time lag in chronology between intro-
duction and spread, the mechanistic understanding of the ecological impacts of sub-lethal 
freezing in winter, and the present restriction of sub-spontaneous palm populations to forest 
stands on southern exposed slopes of lower altitudes (cf. BERGER & WALTHER 2006) strongly 
suggests that an ameliorated climate, especially warmer and shorter winter seasons, was the 
essential prerequisite for palms and other evergreen broad-leaved species to become thus 
locally established (WALTHER 2002b). Species’ specific threshold parameters derived from 
habitat requirements in the native range (see Fig. 4.2) and applied to long-term climate meas-
urements in the introduced range (Fig. 4.4) are in agreement with this climate change 
explanation (cf. also BEERLING et al. 1995). This explanation is further supported by the 
results of a bioclimatic model, which highlighted the range of the potential suitable habitat in 
the introduced range at different periods in the past and present (Fig. 4.5). Periods with a 
continuous suitable climate have not occurred until the last few decades, allowing species to 
establish and locally naturalise. Additionally, these new wild populations of palms south of 
the Alps have reached a life stage and population size that makes them independent of seed 
supply from planted individuals in gardens and parks, and guarantee long-term survival of a 
new northernmost palm population, provided the ameliorated climatic conditions of the last 
few decades continue. 
The rejuvenation of Trachycarpus fortunei has been observed not only in southern 
Switzerland, the same species is reported to seed freely in gardens along the southern coast of 
Great Britain (e.g. C. EVANS, Bournemouth & J. JONES, Truro, pers. comm.), but there, it still 
is restricted to garden areas and small individuals and, thus, to an early stage of a (potential) 
invasion process (WALTHER, pers. observ.). In other, more southern areas in Europe, more 
established Trachycarpus populations are reported (e.g. KOVACEVIC 1998), whereas in parts 
of Australia (e.g. GROVES 1998) and New Zealand (e.g. HEALY & EDGAR 1980, see also NEW 
ZEALAND PLANT DATABASE (http://nzflora.landcareresearch.co.nz); PETERSON et al. 2006) 
Trachycarpus fortunei is recorded as fully naturalised. In the US, a reproducing Trachycarpus 
population is reported from the southern fringe of Austin (Texas) (L. LOCKETT, pers. comm.). 
In forest stands in Japan, increases in population sizes of Trachycarpus fortunei have recently 
been reported from as far north as the Tokyo area (KAMEI & OKUTOMI, 1992, FUJIWARA & 
BOX 1999, KOMURO & KOIKE 2005). 
Last but not least, particularly in North America (PARKER 1994, FRANCKO & 
WILHOITE 2002, see also GILMAN & WATSON 1994) and Europe (STÄHLER 2000, WALTHER 
2002a, 2003), but also on other continents – though from the latter less information is publicly 
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available – Trachycarpus has increasingly been cultivated even further beyond the potential 
range of palm distribution (see Fig. 4.1), which makes this particular species a ‘cornerstone 
palm’ in many parts of the world (KEMBREY 2004). The expected future global warming may 
thus not only facilitate the survival of the garden populations (BISGROVE & HADLEY 2002), 
but – in some areas – these garden populations may act as future dispersal centres for further 
expansion of palms in response to continued amelioration of climate with global warming, 
thus allowing the spread and establishment of further palm populations similar to those of the 
southern foot of the Alps. Outputs from bioclimatic models, which are based on and validated 
with ground-truth data may help to identify new areas where this process is likely to be de-
tected in the near future, as shown on an European scale in Fig. 4.5. 
Not only in Europe with Trachycarpus, but world-wide are palm species benefiting 
from ameliorated climatic conditions. In parallel to the aforementioned situation at the south-
ern foothills of the Alps, palms of other genera are extending elsewhere into new territories 
north of their former distribution. Palm increases have been noted in south-western North 
America with the indigenous species Washingtonia filifera (CORNETT 1991), with Sabal 
mexicana in Texas (LOCKETT 2004), and with Sabal minor in parts of Tennessee and other 
areas of the South-East where it is not native (D. FRANCKO, pers. comm.) (see also BJORHOLM 
et al. 2005). 
Hence, palms in general, and Trachycarpus fortunei in particular, may serve not only 
as important indicators for the reconstruction of the past climate in Earth history (MAI 1995, 
cf. also BRÖNNIMANN 2002), they are becoming significant global bioindicators across conti-
nents for contemporary climate change and the projected global warming of the near future. 
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Appendix 2. Detailed chronology of establishment of the new northernmost palm population 
(synonyms: Trachycarpus fortunei (Hook.) Wendl. = T. excelsa Wendl. = 
Chamaerops excelsa Thunb.) 
Appendix 3. Localities to the (non-exhaustive) compilation of Trachycarpus-sites based upon 
literature and internet search as well as personal observations and contacts (cf. Fig. 4.1 
& 4.5) 
Appendix 4. Pictures illustrating the different developmental stages of the new northernmost 
Trachycarpus population 
Appendix 5. Realised and modelled (grey shaded areas) distribution of Trachycarpus fortunei 
in its native range, using the following parameters: 2.2°C as the lower limit of the 
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5 Bioclimatic limits and range shifts of cold-hardy evergreen 
broad-leaved species at their northern distributional limit in 
Europe4 
5.1 Abstract 
The few native evergreen broad-leaved species occurring in central Europe have at-
tracted the interest of generations of scientists; thus, the factors limiting their northern 
distribution have been well studied. For investigation of climate change-driven range shifts, 
these climate-sensitive species are particularly well suited. We here analyse recent range 
shifts of some of the cold-hardiest evergreen broad-leaved species, including both native and 
introduced species in Europe. 
Based on updated field data and outputs from bioclimatic models, we show that the 
milder winter conditions of the last few decades are consistent with the northward expansion 
of potential ranges and an increase in the number of evergreen broad-leaved species. At the 
landscape scale, these species indicate a considerable change in the composition and structure 
of temperate deciduous forests in various parts of Europe. 
Keywords: Range shifts, Tertiary flora, climate change, global warming, deciduous forests, 
forest structure. 
5.2 Introduction 
The vegetation of central Europe is relatively poor in native evergreen broad-leaved 
species compared to temperate regions of other continents. However, these few species have 
attracted the interest of generations of scientists, and thus, the factors limiting their northern 
distribution have been well studied in the past. Climate, especially temperature and the length 
of the growing season, has been pointed out as an important factor determining establishment 
and survival of evergreen broad-leaved species at their northern range margins, in Europe and 
worldwide (BOX 1981, WALTER & BRECKLE 1999, WOODWARD et al. 2004, POTT 2005). The 
                                                          
4 Published in Phytocoenologia. 
E. Schweizerbart’sche Verlagsbuchhandlung: http://www.borntraeger-cramer.de 
Full reference: BERGER, S., SÖHLKE, G., WALTHER, G.-R. & R. POTT: Bioclimatic limits and range shifts of 
cold-hardy evergreen broad-leaved species at their northern distributional limit in Europe. Phytocoenologia 37: 
523-539. 
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temperature limits of many evergreen broad-leaved species have been investigated in detail 
with physiological methods (e.g. LARCHER 1954, 1970, 2000, SAKAI 1982, SAKAI & LARCHER 
1987), as well as by biogeographical comparison (e.g. IVERSEN 1944, JÄGER 1975).  
The fact that even the most cold-hardy evergreen broad-leaved species are sensitive to 
low winter temperatures makes them suitable as climate indicators. This fact has been applied 
to reconstruct past climatic fluctuations from geological records (IVERSEN 1944). Recent 
climate change has left visible ‘fingerprints’ within different ecosystems all over the world 
(WALTHER et al. 2001, PARMESAN & YOHE 2003, ROOT et al. 2003), and it is likely that the 
warming trend will continue or even increase (IPCC 2001). Climatic indicators serving the 
reconstruction of past climatic conditions may also be used as indicators of recent and near-
future climate change. Climate induced range shifts of individual evergreen broad-leaved 
species have been detected in different parts of Europe (DIERSCHKE 2005, DOBBERTIN et al. 
2005, WALTHER et al. 2005). At the regional scale, an assemblage of evergreen broad-leaved 
species favoured by climate change has also been investigated in detail (e.g. WALTHER 2000). 
Whereas the aforementioned studies focus on single species only or on a particular habitat, we 
here analyse how the cold-hardiest evergreen broad-leaved species, a group including both 
natives and exotics, shift their northern range margins in concert with recent global warming. 
The potential ranges implied by species’ specific bioclimatic limits are compared with up-
dated data on the realised distributions of these species across Europe. 
Because the evergreen broad-leaved plant type has been scarcely represented in central 
European plant communities, changes in the diversity and distribution of evergreen broad-
leaved species not only lead to changes in the physiognomy of existing forest communities, 
but may in the long run also form new assemblages in different parts of Europe. 
5.3 Methods 
Recent range extensions at the northern distribution boundaries of selected cold-hardy 
evergreen broad-leaved species were detected by comparing historical distribution maps and 
records with present distribution data. Historical data were compiled from ADAMOVIĆ (1909), 
HOLMBOE (1913), LOESENER (1919), ENQUIST (1924), SCHRÖTER (1936), SCHMUCKER (1942), 
IVERSEN (1944), BROWICZ (1960), FÆGRI (1960), SCHMID (1956), WALTER & STRAKA (1970), 
HORVÁT et al. (1974), JÄGER (1975), MEUSEL et al. (1978) and others (for details see BERGER 
(2003), SÖHLKE (2006) and WALTHER et al. (2007)). The data on the current distribution were 
compiled from numerous national and regional vegetation databases and surveys, email sur-
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veys interviewing experts on plant distribution (cf. acknowledgements), recent literature 
records and our own field observations. Many of the new literature records were verified in 
the field, especially occurrences forming new distribution boundaries, in order to confirm the 
correct identification of the species and to assure that the species is still present in the given 
locations. 
The resulting updated distribution maps were superposed on potential distribution ar-
eas of the species based on various bioclimatic parameters. These parameters were derived 
from 
(I) biogeographical literature addressing limiting parameters of the respective species, 
(II) climatic parameters of the native range of exotic species, and  
(III) results of bioclimatic modelling, 
emphasising the functional importance of the relevant particular parameters for the 
species-specific biological traits (see discussion section).  
Distribution maps were compiled, analysed and designed using ESRI ArcView 3.3 and 
ArcPress. 
5.3.1 Selected native and introduced evergreen broad-leaved species 
Ilex aquifolium is the northernmost evergreen broad-leaved small tree or shrub in 
Europe, with severe winter frosts limiting its northern distribution. This can be expressed 
through the mean temperature of the coldest month, which must be above -0.5 °C (IVERSEN 
1944). The potential distribution area of Ilex aquifolium was modelled with the bioclimatic 
model STASH (SYKES et al. 1996) for the period 1981-2000 (WALTHER et al. 2005). 
The potential distribution of Laurus nobilis was modelled by SVENNING & SKOV 
(2004), based on three key bioclimatic variables, namely growing degree days (GDD), mean 
temperature of the coldest month and water balance, using a ‘bioclimatic envelope’ approach.  
Prunus laurocerasus is native to the Balkans and the coast of the Black Sea and Cas-
pian Sea, and it is frequently cultivated in Central Europe as an ornamental shrub. Winter 
temperature and length of the growing season are important climatic parameters limiting the 
distribution of Prunus laurocerasus. The limiting January mean temperature based on the 
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native range was estimated to -1.2°C. The length of the growing season was expressed 
through number of months per year with mean temperature above 5°. Hence, the potential 
range of Prunus laurocerasus is additionally limited by a growing season length of at least 8 
months, and by annual precipitation which must exceed 550 mm/year. 
Bioclimatic limits of the palm Trachycarpus fortunei were derived from its native 
range in China (WALTHER et al. 2007), suggesting that mean temperature of the coldest month 
must exceed +2.2°C, annual GDD must exceed 2300 and drought index (SYKES et al. 1996, 
see also PRENTICE et al. 1992) does not exceed 0.26. 
The potential distributions of Prunus laurocerasus and Trachycarpus fortunei are 
based on climate data from the ALARM dataset (MITCHELL et al. 2004, REGINSTER et al. 
2005). The reference period 1991 – 2000 was regarded as representative of current climatic 
conditions. The 1990s were the warmest decade since the start of the measurements (IPCC 
2001) and, hence of special importance in the context of analyses of global warming-related 
data. In the same period, most of the new occurrences of all the regarded species outside their 
former ranges were recorded. The potential ranges of all four of these species were super-
posed, revealing overlapping areas with especially suitable climatic conditions for evergreen 
broad-leaved species.  
In order to assess how range shifts of a set of evergreen broad-leaved species affect the 
composition and structure of European deciduous forest ecosystems we compared the ever-
green broad-leaved species occurring in southern Switzerland and in Great Britain, both areas 
where a pronounced increase of evergreen broad-leaved species has taken place in the last few 
decades. 
5.4 Results 
The current and potential distributions of the selected evergreen broad-leaved species 
are shown in Fig. 5.1. The realised historical range (Fig. 5.1, top left: hatched area) of Ilex 
aquifolium is shown according to WALTER & STRAKA (1970) and MEUSEL et al. (1978). The 
new occurrences outside the historical range indicate a shift in the distribution of Ilex aqui-
folium towards the north in Norway and northeast in Germany, Denmark (cf. also BAÑUELOS 
et al. 2004) and southern Sweden, where Ilex aquifolium expanded into new areas along the 
southern Swedish coast. Most new occurrences (Fig. 5.1, top left: black dots) were first re-
corded in the same time span (1981-2000) as the model refers to (WALTHER et al. 2005). The 
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new occurrences on the mainland and larger islands are all within the modelled new potential 
range. 
 
The realised distribution of Prunus laurocerasus is based on JÄGER (1975) and BSBI 
(2006) (Fig. 5.1, top right: hatched area); further new occurrences (Fig. 5.1, top right: dots) 
are compiled from various sources and our own observations (SÖHLKE 2006). These new 
records are found within large parts of the potential distribution area. The records forming the 
new northeastern boundary of the introduced range in northern Germany, with single occur-
rences as far north as Rügen and as far east as Berlin, all originate from the last two decades 
(SÖHLKE 2006). The number of records from Great Britain also increased substantially in the 
last decades (see PERRING & WALTERS 1962 and following editions, BSBI 2006). 
Fig. 5.1: Potential and currently realised distribution of selected evergreen broad-leaved species (for details 
see text). 
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The realised distribution of Laurus nobilis is based on MEUSEL et al. (1978), BRULLO 
et al. (2001), BSBI (2006) and WOHLGEMUTH et al. (2006); it overlaps with the potential 
distribution (SVENNING & SKOV 2004) in large areas (Fig. 5.1, bottom left). The historical 
range of Laurus nobilis encompassed the Mediterranean, whereas at present, the species 
occurs as far north as in Britain and in southern Switzerland. However, to our knowledge 
there are no confirmed realised occurrences in the northernmost part of the potential distribu-
tion area in mainland Europe. 
The distribution records of Trachycarpus fortunei from Europe are listed in WALTHER 
(2003), BSBI (2006) and WALTHER et al. (2007). Escaped Trachycarpus fortunei palms have 
been recorded in southern Switzerland in large numbers, but also in France, as far north as 
Brittany, and rejuvenation within gardens has been observed in southern England. Also the 
northernmost subspontaneous occurrences of Trachycarpus fortunei correspond with the 
boundary of the potential distribution area.  
In addition to individual species distributions, Fig. 5.2 shows the overlap of the poten-
tial distribution areas of all the species shown in Fig. 5.1. The potential species distributions 
overlap in substantial parts of central Europe, with gradually decreasing number of species’ 
ranges towards the northeast. Whereas updated distribution data from France are scarce, more 
current information on evergreen broad-leaved species is available from the British Isles and 
Switzerland. Both the southernmost part of Switzerland and southern Great Britain have 
especially favourable winter temperatures, as compared with other parts of Europe where 
deciduous forests occur. This is reflected in the coincidence of potential distribution areas of 
the four species regarded here, and additional evergreen broad-leaved species, which have 
also been recorded in these areas. A non-exhaustive list of additional evergreen broad-leaved 
species recorded in deciduous forests of southern Great Britain and southern Switzerland is 
given in Table 5.1. Many of the same (exotic) species occur in both areas, but some species 
are restricted to Great Britain (e.g. Rhododendron ponticum) and others to southern Switzer-
land (e.g. Cinnamomum glanduliferum, Pittosporum tobira). 
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Table 5.1: Evergreen broad-leaved species recorded in deciduous forests of Europe. Records from Switzerland according to 
WALTHER (1999) and from Great Britain according to BSBI (2006). Frost resistance refers to the experimental work of SAKAI 
(1982), SAKAI & LARCHER (1987) and DIRR & LINDSTROM (1990). 
 
Species name Origin Frost resistance Switzerland Great Britain 
     
Ilex aquifolium L. Central Europe -23 + + 
Hedera helix L. Central Europe -15 + + 
     
Quercus ilex L. Mediterranean -15 + + 
Laurus nobilis L. Mediterranean -10 + + 
Viburnum tinus L. Mediterranean -10 + + 
     
Rhododendron ponticum L. Asia Minor   + 
Pyracantha coccinea ROEM. Mediterranean / Asia Minor  + + 
Prunus laurocerasus L. Asia Minor -24 + + 
     
Mahonia aquifolium (PURSCH) NUTT. North America  + + 
     
Aucuba japonica THUNB. Southeast Asia -20 occasional + 
Ligustrum lucidum AIT. Southeast Asia -15 + + 
Elaeagnus pungens THUNB. Southeast Asia -15 + occasional 
Lonicera spp. Southeast Asia  + + 
Cotoneaster salicifolius FRANCH. Southeast Asia  + + 
Viburnum rhytidophyllum HEMSL. Southeast Asia  occasional + 
Trachycarpus fortunei (HOOK) WENDL. Southeast Asia -14 + 
only within gardens, 
except on the island of 
Alderney 
Euonymus japonica THUNB. Southeast Asia -12 occasional + 
Cinnamomum glanduliferum (WALLICH.) 
MEISSN. Southeast Asia -13 +  
Eriobotrya japonica (THUNB.) LINDL. Southeast Asia -10 occasional occasional 
Pittosporum tobira AIT. Southeast Asia -10 +  
     
 
In both Britain and southern Switzerland, the number, developmental stage and 
abundance of evergreen broad-leaved species varies with latitude and altitude. Relevés from 
WALTHER (2000) and BERGER & WALTHER (2006) reveal an altitudinal gradient in the 
number and abundance of evergreen broad-leaved species on south-facing slopes in the 
Insubrian region (Fig. 5.3). At low altitudes there are dense stands of evergreen broad-leaved 
species in the shrub layer, and some individuals of e.g. Laurus nobilis and Cinnamomum 
glanduliferum have grown up to the tree layer. Towards higher altitudes the evergreen broad-
leaved species are restricted to the shrub layer and their cover decreases. Finally there are 
only single small specimens in the herb layer, and at even higher altitudes no evergreen 
broad-leaved species are growing at all. In parallel, the number of evergreen broad-leaved 
species present declines with altitude.  
 
 
Fig. 5.2: Superposed potential distribution of the four evergreen broad-leaved species shown in Fig. 5.1. 
Shading represents the number of evergreen broad-leaved species (Overlap of all four species’ potential 
ranges indicated by the darkest shading, decreasing gradually with decreasing number of species’ potential 
ranges overlapping). 
 
 
Fig. 5.3: Altitudinal distribution of evergreen broad-leaved species on south facing slopes around Lago 
Maggiore, schematically.  
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5.5 Discussion 
Previous studies showed that climate change has favoured the spread of evergreen 
broad-leaved species in different parts of Europe. For instance, in southern Switzerland and 
northern Italy an increasing number of evergreen broad-leaved species was recorded as a 
consequence of climate change (GIANONI et al. 1988, WALTHER 2000, 2001, 2002). Also, the 
northward range shift of Ilex aquifolium in Scandinavia (WALTHER et al. 2005) and the alti-
tudinal upward shift of Viscum album in the European Alps (DOBBERTIN et al. 2005) are 
regarded as consequences of warmer winter temperatures. In Central European deciduous 
forests, the change of the growth form of Hedera helix from creeping along the ground to 
climbing up trees has likewise been linked to recent climate change (DIERSCHKE 2005). 
We here regard this phenomenon more broadly, for a group of species, and present a 
biogeographic analysis that shows an emerging assemblage of advancing evergreen broad-
leaved species over much of Central Europe. The specific bioclimatic limits of these species 
and the impacts of this ongoing process at landscape scale are discussed.  
5.5.1 European distribution and bioclimatic limits 
Winter temperature plays an important role in limiting the distribution of the evergreen 
broad-leaved vegetation towards the poles (RÜBEL 1930, SCHIMPER 1935, SCHMITHÜSEN 
1976, BOX 1981, SAKAI & LARCHER 1987, WOODWARD 1987, WALTER & BRECKLE 1999). 
Although minimum temperature of -15°C is regarded to be an important threshold value for 
cold-hardy evergreen broad-leaved species in general, the specific climatic threshold differs 
with the particular biological traits of the given species (e.g. SAKAI & LARCHER 1987, 
WALTHER 1999). In addition to low winter temperature, other climatic parameters may also 
limit the species’ persistence at northern range margins, such as the length of the growing 
season (as required to produce viable seeds) and total summer warmth (indicated by GDD; as 
needed for a positive annual carbon balance and accumulation of biomass). 
The most obvious effect of rising winter temperatures is a reduced risk of lethal frost 
incidents, which allows survival beyond the former range boundary. Additionally, the fre-
quency of sub-lethal frosts, that nevertheless may be severe enough to damage tissue, 
decreases. Hence, sub-lethal damage, which must be compensated by replacement of dam-
aged tissue, and thus cost energy, will decrease. This favours species at their range margin 
and thus, survival in formerly unsuitable areas may become possible under climatic warming. 
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Evergreen broad-leaved species are particularly favoured by milder winter temperatures, as 
they are able to profit from positive net photosynthesis in periods with favourable climatic 
conditions even in winter (ZELLER 1951, FISCHER & FELLER 1994, OLIVEIRA & PEÑUELAS 
2004), in contrast to deciduous trees which are leafless in the winter season. 
Although all the four species presented in Fig. 5.1 are restricted by cold winters (with 
frost resistance varying considerably between species), their temperature limits show that 
other climatic parameters may also play a role in limiting their distributions, due to specific 
biological traits. Whereas the survival and regeneration of Ilex aquifolium is mainly restricted 
by severe winters, Prunus laurocerasus additionally needs a sufficiently longer growing 
season in order to produce viable seeds (ADAMOVIĆ 1909, SÖHLKE 2006). Hence, reproduc-
tion of Prunus laurocerasus is limited by the length of the growing season, which restricts it 
from extending as far north as Ilex aquifolium, in spite of its ability to survive equally low 
winter temperatures.  
The northward extension of Laurus nobilis is also restricted by cold winters, though 
the limiting winter temperature used in the model to project the potential range of Laurus 
nobilis may be overestimated (SVENNING, pers. comm.). The importance of winter tempera-
tures for the northern distributional boundary is supported by the findings of SAKAI & 
LARCHER (1987), who regarded Laurus nobilis as a Mediterranean broad-leaved tree with 
medium frost resistance, especially pointing out the limited frost resistance of overwintering 
propagative organs.  
Low winter temperatures limit the distribution of Trachycarpus fortunei as well. Fur-
thermore, its cold hardiness also depends on sufficiently warm summers (here expressed as 
GDD). Warm summers allow this palm to accumulate enough biomass to regenerate damaged 
leaves and thereby to compensate for sub-lethal frost damage of the winter season (WALTHER 
et al. 2007). The northernmost sub-spontaneous occurrences of Trachycarpus fortunei coin-
cide well with the northern boundary of the predicted potential distribution area. The lack of 
naturalised occurrences of Trachycarpus fortunei in southernmost Europe, even though the 
species is cultivated in this area, reflects the summer dryness of the Mediterranean climate 
with drought too severe for growth of this species (c.f. BERGER & WALTHER 2006). 
At local scale, not only macroclimatic limits but also other ecologically relevant pa-
rameters, e.g. edaphic factors, must be taken into account, as they also influence the diversity 
and structure of communities with an increasing share of evergreen broad-leaved species 
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(BERGER & WALTHER 2006). This is of special importance at species range margins, as the 
habitat requirements of species become more specific towards range boundaries (THOMAS et 
al. 2001). Towards the Mediterranean the amount and the temporal pattern of precipitation 
also plays a role limiting the distribution of evergreen broad-leaved species (BERGER & 
WALTHER 2006, DEL RIO & PENAS 2006). 
5.5.2 Impacts at the landscape level 
Vegetation modelling has projected range shifts both by single species and by biomes 
(e.g. PRENTICE et al. 1992, BAKKENES et al. 2002, WOODWARD et al. 2004, THUILLER et al. 
2005, OHLEMÜLLER et al. 2006). The fact that responses to climate change are species-
specific, as results presented here show, suggests that climate change in the longer term will 
lead to a reorganisation of existing communities rather than to synchronous shifts of whole 
vegetation units. Furthermore, as there are only few native evergreen broad-leaved species in 
northern and central-European plant communities, the aforementioned range shifts may lead 
to distinct changes in the diversity and physiognomy of existing forest communities, or to 
assemblages of new species combinations (CHAPIN et al. 1993, SCOLES & VAN BREEMEN 
1997). The substantial overlap of the projected ranges of several evergreen broad-leaved 
species in southern Great Britain and southern Switzerland (shown in Fig. 5.2) suggests a 
trend towards more evergreen broad-leaved species in deciduous forests, which is further 
substantiated by the occurrence of additional evergreen broad-leaved species recorded in these 
areas (see Table 5.1). A shift from deciduous forest to deciduous forest with more evergreen 
species may change some forest ecosystem processes, e.g. carbon cycling and water balance. 
A new type of deciduous forest, with evergreen understorey, has been described by 
DELARZE et al. (1999) for southern Switzerland. A structural scheme for this forest type with 
an increasing number of evergreen broad-leaved species is shown in Fig. 5.3. As species 
approach their bioclimatic limits towards higher altitudes the size of the individuals and the 
number of species decreases. Analogously, the number of evergreen broad-leaved species 
declines towards higher latitudes. Also the growth form of the most cold-hardy species 
changes towards their northern range margins. For example, Ilex aquifolium forms trees in the 
core area of its distribution but grows more often as a shrub towards the range margin 
(BERGER 2003). The change in growth form of Ilex aquifolium near its range boundary shows 
that the species is able to grow and survive in a transitional area, but does not reach the size of 
the individuals in the core area. Similar observations have been registered for Hedera helix 
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(see DIERSCHKE 2005) as well as for Prunus laurocerasus in its native range, where it occurs 
only as vegetatively spreading shrubbery at high altitudes (NAKHUTSRISHVILI 1999).  
On the British Isles there is no pronounced altitudinal gradient, but the evergreen 
broad-leaved species may constitute a considerable proportion of the shrub and lower tree 
layer, e.g. in both southwestern England and Ireland, as has been observed in southern Swit-
zerland. Small evergreen forests and scrub stands (often with Quercus ilex) have been 
described as recently generated vegetation types with no counterpart in the native vegetation, 
whereas Rhododendron thickets and understoreys are matched in the native vegetation by 
evergreen thickets of Ilex aquifolium (PETERKEN 2001).  
The overall assessment of the impacts of spreading evergreen broad-leaved species in 
deciduous forest communities should consider existing communities formed by the respective 
species in their native ranges as well as those reported in the palaeoecological literature. In 
North America and Asia species-rich mixed broad-leaved forests are a general phenomenon in 
latitudes with analogous conditions (FUJIWARA & BOX 1994). In Europe, however, repeated 
glaciations have reduced the formerly diverse Tertiary evergreen flora to a few species able to 
recolonise central Europe during the Holocene (SCHMID 1939, LANG 1994). The assemblage 
of currently spreading evergreen broad-leaved species might be divided into three subgroups 
based on their origin: (I) species native to Europe, expanding their previous ranges by them-
selves but also facilitated by human introductions, e.g. Ilex aquifolium and Laurus nobilis; (II) 
species widespread throughout the Tertiary not able to recolonise Central Europe in the Holo-
cene, but reintroduced as ornamentals from nearby refugial areas, e.g. Prunus laurocerasus; 
and (III) species introduced from other more distant parts of the world, e.g. Trachycarpus 
fortunei, Cinnamomum glanduliferum. 
The now expanding evergreen broad-leaved species represent plant types as well as 
families characteristic of the European Tertiary flora. The laurel type (Daphno-
Macrophanerophyta) was the most important tree form in Tertiary Europe (MAI 1995). Most 
species of this type are shade tolerant (MAI 1995) and hence may thrive in the understorey of 
deciduous forests. This still applies to Ilex aquifolium, which grows in the understorey of 
deciduous forests in large parts of its distribution area. In north-western Europe Ilex aqui-
folium grows in different communities of the Querco-Fagetea, also in Atlantic beech and 
mixed forests like Abieti-Fagetum and Galio-Abietum, and in montane beech forests of Italy 
(Fagion australo-italicum) (POTT 1990). In south-western Europe beech forests (Rusco-
Fagetum, Ilici-Fagetum) have different laurophyllous and sclerophyllous species in the under-
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storey (e.g. Ruscus aculeatus, Hedera helix, Buxus sempervirens and Ilex aquifolium) (DURIN 
et al. 1967, TOMBAL 1972, RAMEAU 1985, GÉHU & JULVE 1989). Finally, Ilex aquifolium also 
grows in the understorey of deciduous forests of the Balkan Peninsula, together with Prunus 
laurocerasus, Hedera helix and Rhododendron ponticum, where Fagus orientalis and Fagus 
moesiaca form the tree layer (Rhododendro pontici-Fagetum orientalis) (HORVÁT et al. 1974). 
Prunus laurocerasus is associated as an evergreen shrub to the understorey of deciduous 
beech forests (e.g. Fageta laurocerasosa, Fageta luzulosa, Fageto-Abieteta laurocerasosa) in 
its native range (NAKHUTSRISHVILI 1999). 
Numerous fossil leaves, flowers and fruits from several Cinnamomum species have 
been recorded from the Tertiary, showing that the genus Cinnamomum (Lauraceae) played an 
important role in the Tertiary flora of Europe (STAUB 1905, c.f. also KOVAR-EDER et al. 
2006). All Cinnamomum tree species require ample precipitation, in addition to warm tem-
peratures, which the introduced Cinnamomum glanduliferum enjoys in the Insubrian region 
under present conditions (BERGER & WALTHER 2006). Today the genus is restricted to warm-
temperate and tropical east and southeast Asia (monsoon area) and to Australia (two species) 
(STAUB 1905), though some species have become naturalised elsewhere (e.g. FLEISCHMANN 
1997, WARD & LABISKY 2004). 
Another life form of importance in Europe throughout the Tertiary was the tropical 
tuft-tree type Macrophanerophyta scaposa (“Schopfbaum”), a single-stemmed tree with a 
terminal rosette of leaves that die and extend the trunk, as in palms (BOX 1981, MAI 1995). In 
the recent European flora there are few examples of this type, e.g. Chamaerops, Phoenix and 
Dracaena, but the introduced naturalising species Trachycarpus fortunei also belongs to this 
type (cf. Fig. 5.4). 
Fig. 5.4a illustrates some of the main aspects of the Tertiary flora of central Europe 
(HEER 1946). The large tree on the left is Cinnamomum and next to it is a small Laurus 
(shaded darker). Also palms like Sabal and Phoenicites are represented. Fig. 5.4b shows a 
deciduous forest stand in southern Switzerland in winter, also with a Cinnamomum tree, 
Laurus and a palm species (Trachycarpus fortunei). 
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Recent climate change has favoured the evergreen broad-leaved plant functional type 
within deciduous forests. With continued warming this process is likely to proceed and to 
induce changes in the composition and structure of temperate deciduous forests in various 
parts of Central Europe. Other human activities also cause changes to the native vegetation, 
for example the introduction of new species. The combination of these anthropogenic influ-
ences has facilitated a vegetation type that may symbolise a revival of elements of the Tertiary 
flora in Europe.  
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6 General discussion  
The mean surface temperature in Europe increased by 0.95°C in the course of the 20th 
century. The rise in mean annual temperature was mainly due to higher winter temperatures 
and with an increasing warming rate towards the end of the century (IPCC 2001, EEA 2004). 
After the year 2000 even warmer years followed, and 11 of the 12 last years (1995-2006) rank 
among the 12 warmest years in the instrumental record on the global scale (IPCC 2007).  
Ecological responses to recent climate change have been documented from different 
taxonomic groups and from different ecosystems around the world (e.g. WALTHER et al. 2002, 
PARMESAN & YOHE 2003, ROOT et al. 2003). Animals shift their ranges poleward and respond 
with phenological changes, as well as changes in their behaviour (e.g. FORCHHAMMER et al. 
1998, POST et al. 1999, THOMAS & LENNON 1999, HILL et al. 2002, CRICK 2004, PARMESAN 
2006). Plants have also been documented to be affected by climate change (e.g. WALTHER 
2004). For instance, altitudinal upward shifts of mountain plants were detected in the Euro-
pean Alps (e.g. GRABHERR et al. 1994, WALTHER et al. 2005, PAULI et al. 2006), also changes 
in plant phenology in Europe have been documented (e.g. FITTER & FITTER 2002, MENZEL et 
al. 2006). 
The process of evergreen broad-leaved species spreading into deciduous forests in the 
southernmost part of Switzerland has been documented since the 1980s (GIANONI et al. 1988, 
KLÖTZLI et al. 1996, CARRARO et al. 1999, 2001, WALTHER 2000, 2002). Whereas previous 
work mainly focused on the area surrounding the lakes in southern Switzerland (northern part 
of Lago Maggiore and northwestern part of Lago di Lugano, see also fig. 3.1a), this knowl-
edge was updated based on various local reports and new field data, and the study area was 
extended to the whole Insubrian region (s. l.), including also the area along the Italian lakes 
(see chapter 3 “Distribution of evergreen broad-leaved woody species in Insubria in relation 
to bedrock and precipitation”). Numerous evergreen broad-leaved species are still present in 
deciduous forests close to settlements along the lakes in southern Switzerland and also in 
northern Italy. Throughout the whole Insubrian region, evergreen broad-leaved species are 
still restricted to southern slopes on lower latitudes, though the expansion process has contin-
ued and become more independent of the garden- and park-populations (see also chapter 4 
“Palms tracking climate change”). WALTHER (2000, 2002) pointed out ameliorated climatic 
conditions due to recent climate change as a required prerequisite for the observed spread and 
naturalisation of evergreen broad-leaved species. The current investigation of the distribution 
of evergreen broad-leaved species in the whole Insubrian region after subsequent years with 
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mild winters supports this conclusion, although further ecological parameters are additionally 
playing a role in determining the species distribution and abundance on the local scale (see 
chapter 3). 
Many of the naturalising species, especially the most cold-hardy ones, are frequently 
cultivated in other parts of Europe. Rising winter temperatures on the continental scale conse-
quently lead to the question whether this phenomenon is restricted to the Insubrian region or if 
a similar process has been initiated on a larger geographical scale. Historical and current 
distribution data on the most cold-hardy evergreen broad-leaved woody species occurring in 
Europe was analysed, concerning introduced as well as native species (chapter 2 “An ecologi-
cal ‘footprint’ of climate change”, chapter 4 “Palms tracking climate change” and chapter 5 
“Bioclimatic limits and range shifts of cold-hardy evergreen broad-leaved species at their 
northern distributional limit in Europe”). Range shifts of single evergreen broad-leaved spe-
cies at their northern range margins in Europe were detected, revealing that the spread of 
evergreen broad-leaved species is not restricted to the Insubrian region, although the most 
pronounced expansion has taken place in this region. 
6.1 Temperature increase – the responsible driver for range shifts? 
6.1.1 Ilex aquifolium 
Not only on the global scale is a warming trend evident. As outlined in chapter 2, “An 
ecological footprint of climate change”, a trend towards warmer winter temperatures was 
pinpointed in southern Scandinavia and Germany, based on long-term observational tempera-
ture data from climate stations. 
Data from these climate stations was closely linked to the distribution of Ilex aqui-
folium in the work of IVERSEN (1944). Using the same methodology, the relationship between 
temperature and distribution of Ilex aquifolium was confirmed 60 years later, although a 
northward shift of the species range boundary and a synchronous climatic shift towards milder 
winter temperatures has taken place. The observed north- and north-eastward range expansion 
tracks the temperature increase measured at the local climate stations.  
The range of Ilex aquifolium has shifted northward in Norway, where it is distributed 
along the west coast, currently as far north as 63° N (see chapter 3). Additionally, new occur-
rences further inland have been reported from the northern range margin (SALVESEN 1996). 
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The historical distribution limit of Ilex aquifolium ran through Denmark, excluding the east-
ernmost parts of the country as well as the island of Bornholm. The current distribution 
boundary is following the southern coast of Sweden, with the north-easternmost occurrences 
on the islands of Öland and Gotland. New occurrences beyond the former eastern range mar-
gin have also been documented in Germany (BERGER 2003, REHSE 2007). In the past, the 0°C 
isothermal line of January ran parallel with the northern boundary of Ilex’ distribution. The 
isothermal line has shifted correspondingly with the recent range shift and the relationship 
still remains consistent. 
Furthermore, the range shift of Ilex aquifolium corresponds well with the range pre-
dicted using the bioclimatic model STASH (SYKES et al. 1996), also supporting the 
conclusion that climate is the responsible driver for the observed range shift. 
Other studies already linked species range shifts to the general warming trend ob-
served in the last decades (e.g. GRABHERR et al. 1994, PARMESAN et al. 1999, THOMAS & 
LENNON 1999, HILL et al. 2002, CROZIER 2003). However, here the range shift of Ilex aqui-
folium is not only related to a global warming trend, but to local climate data, at the same time 
covering a large area, providing a higher confidence that climate is the responsible driver. 
In the study of IVERSEN (1944) two other evergreen broad-leaved species, Hedera he-
lix and Viscum album were also considered applicable as climate indicators. The altitudinal 
range of Viscum album ssp. austriacum is shifting towards higher elevations in the European 
Alps as a consequence of milder winters. The current upper range limit of Viscum album ssp. 
austriacum is ca. 200 m higher up than it was 100 years ago (DOBBERTIN et al. 2005). Hedera 
helix has two separate and different growth forms. Hedera helix, when creeping on the 
ground, is protected from winter cold by snow and may thus survive colder winters than when 
it is climbing up trees (ANDERGASSEN & BAUER 2002). In central European deciduous forests, 
an observed change of the growth form of Hedera helix from creeping along the ground to 
climbing up trees has likewise been linked to recent climate change (DIERSCHKE 2005). 
6.1.2 Trachycarpus fortunei 
One of the introduced species that have colonised deciduous forests in southern Swit-
zerland is the palm Trachycarpus fortunei, native to Southeast Asia. Chapter 4 “Palms 
tracking climate change” outlines how this palm is establishing subspontanous populations in 
southern Switzerland, but also in other parts of Europe with mild winter conditions. Escaped 
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Trachycarpus fortunei palms have been recorded in France as far north as Brittany as well as 
on the islands of the English Channel, and rejuvenation within gardens have been observed in 
southern England and recently also in southwest Germany.  
The climatic conditions of the native range were explored in order to identify the bio-
climatic limits of Trachycarpus fortunei. Winter temperature, i.e. January mean temperature, 
and the yearly growing degree days (GDD5) were identified as key temperature parameters 
limiting the range of this species towards higher latitudes and higher altitudes. The threshold 
January mean temperature of + 2.2°C realised in the native range was compared with long-
term measurements from the climate station Lugano. Although the palm has been cultivated 
for centuries in the Lugano region, the threshold value of + 2.2°C January mean temperature 
was not exceeded for longer periods until the end of the 20th century. A reproductive, sustain-
able population of Trachycarpus fortunei was first established in this time span. The results of 
the STASH bioclimatic model, which allowed a geographic projection of the potential suit-
able habitat in Europe in different periods of the past and present, also show that periods with 
a continuous suitable climate have not occurred in Ticino until the last few decades. This 
strongly suggests that an ameliorated climate, especially warmer and shorter winter seasons, 
was the essential prerequisite for Trachycarpus fortunei to become locally established in 
Ticino. Furthermore, the improved understanding of the importance of sublethal frost inci-
dents as outlined in chapter 4 supports this conclusion.  
The numerous further observations of rejuvenating Trachycarpus fortunei in other 
parts of Europe can be interpreted as an early stage of a possible similar invasion process, 
which may in the long run lead to further sustaining populations as conditions become in-
creasingly suitable, assuming that climate warming will continue. 
Worldwide, Trachycarpus fortunei is not the only palm expanding northward, though 
it is naturalising also in the USA, in Australia and New Zealand. In south-western North 
America the indigenous species Washingtonia filifera is expanding northward beyond its 
former range (CORNETT 1991). So does also Sabal mexicana in Texas (LOCKETT 2004) and 
Sabal minor in parts of Tennessee and other areas of the South-East where it is not native 
(D. FRANCKO, pers. comm., see also BJORHOLM et al. 2005). 
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6.1.3 Prunus laurocerasus 
A similar methodology was applied to derive limiting parameters of the evergreen 
broad-leaved shrub Prunus laurocerasus (SÖHLKE 2006). The cherry laurel, Prunus lauro-
cerasus, is native to the Balkans and the coast of the Black Sea and Caspian Sea, and it is 
frequently cultivated in central Europe as an ornamental shrub. Winter temperature and length 
of the growing season were determined to be important climatic parameters limiting the dis-
tribution of Prunus laurocerasus. The limiting January mean temperature based on the native 
range was estimated to be -1.2°C. Prunus laurocerasus additionally needs a sufficiently long 
growing season in order to produce viable seeds (ADAMOVIĆ 1909, SÖHLKE 2006). The poten-
tial distribution of Prunus laurocerasus based on these parameters overlaps well with the 
observed occurrences. For further details see chapter 5 “Bioclimatic limits and range shifts of 
cold-hardy evergreen broad-leaved species at their northern distributional limit in Europe”. 
6.1.4 Limiting temperature parameters 
Winter temperature plays an important role in limiting the distribution of evergreen 
broad-leaved vegetation towards the poles (BOX 1981, SAKAI & LARCHER 1987, WOODWARD 
1987, WALTER & BRECKLE 1999). Although the occurrence of minimum temperatures as low 
as -15°C is an important threshold value for evergreen broad-leaved vegetation in general, the 
most cold-hardy evergreens extend their ranges into areas where these values are reached 
from time to time, such as Ilex aquifolium. Temperature plays an important role limiting the 
northern range of both native and introduced evergreen broad-leaved species in Europe, 
though the threshold values and biological impacts of different temperature parameters are 
species specific as discussed in detail in chapter 3 “Bioclimatic limits and range shifts of cold-
hardy evergreen broad-leaved species at their northern distributional limit in Europe” and in 
chapter 4 “Palms tracking climate change”. 
Cold-hardiness, also with regard to extreme temperatures, differs considerably be-
tween the species. Some experimentally determined values of resistance to extremely low 
temperatures are compiled in table 5.1. Furthermore, cold hardiness differs depending on 
stage of life cycle and preadaptation. Different tissues are not equally resistant to low tem-
peratures, for instance may over wintering propagative organs be especially vulnerable to low 
temperatures, as SAKAI & LARCHER (1987) experimentally showed for Laurus nobilis. In the 
field, duration of extreme events and accompanying weather conditions (e.g. snow cover) also 
influence the impact of severe frost incidents (LARCHER 1994, BRUNOLD et al. 1996). 
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However, not only extremes are limiting plant growth and distribution; specific bio-
logical traits make species vulnerable to different climatic phenomena. In addition to low 
winter temperature, expressed as minimum or mean temperatures, which plays a role in limit-
ing the northern range of all species regarded in this study, other temperature parameters may 
additionally limit the species’ persistence at northern range margins, such as the length of the 
growing season and total summer warmth.  
Whereas the survival and regeneration of Ilex aquifolium is mainly restricted by severe 
winters, Prunus laurocerasus additionally needs a sufficiently long growing season in order to 
produce viable seeds (ADAMOVIĆ 1909, SÖHLKE 2006). Vegetative growth and survival of 
cultivated individuals is possible beyond the areas where reproduction is possible. This has 
been observed on high altitudes in the native range, and in Europe, where Prunus laurocera-
sus is cultivated as far north as southern Scandinavia. Prunus laurocerasus sheds its fruits in 
autumn, in contrast to species like Trachycarpus fortunei and Ilex aquifolium, which keeps 
their fruits all winter. The fruits of Ilex aquifolium are ripening throughout the following 
growing season (CALLAUCH 1983); a similar cumulative ripening process is not possible for 
the seeds of Prunus laurocerasus. Thus, length of the growing season restricts reproduction, 
and may restrict Prunus laurocerasus from extending as far north as Ilex aquifolium, in spite 
of its ability to survive short term frost incidents with temperatures as low as -20 °C 
(BÄRTELS 1991) to -24 °C (DIRR & LINDSTROM 1990). 
Species with subtropical distribution in particular, like Trachycarpus fortunei, may re-
quire sufficiently warm summers to assure continuous growth progress. Warm summers allow 
this palm to accumulate enough biomass to regenerate damaged leaves and thereby to com-
pensate for sub-lethal frost damage, as discussed in detail in chapter 4 “Palms tracking climate 
change”. Very warm summers may hence increase the tolerable frost damage in winter to 
some degree, and so increase cold-hardiness, though winter temperatures must still exceed a 
minimum threshold value. 
6.1.5 Climate variables 
For the most part, average temperature variables were applied in this study, although 
minimum temperatures of extreme cold events are important for the mechanistic understand-
ing of climatic limits. Minimum temperatures are correlated with the mean temperature of the 
coldest month and may be used as a surrogate for absolute minimum temperatures (DAHL 
1998, PRENTICE et al. 1992). Mean temperature of the coldest month is also more robust to 
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local deviations due to microclimatic conditions than the absolute minimum temperature 
(DAHL 1998). Hence it is more representative of the regional macroclimate and consequently 
applicable for large-scale investigations. The temperature of the coldest month has been suc-
cessfully applied in other studies analysing bioclimatic limits (e.g. IVERSEN 1944, HINTTIKKA 
1963), as well as in bioclimatic modelling (e.g. PRENTICE et al. 2002, SYKES et al. 1996, 
WOODWARD et al. 2004). 
The relationship between extreme cold events and January mean temperatures has also 
been tested at the eastern distribution boundary of Ilex aquifolium in Germany. A distinct 
decrease in extreme cold events in eastern Germany in the last decades was accompanied with 
an eastward shift of the 0°C isothermal line of January. In the respective regions new occur-
rences of Ilex aquifolium were recorded (REHSE 2007). 
6.2 Detection and verification of vegetation shifts with bioclimatic models 
Results from bioclimatic modelling was included in several parts of this study and 
proved to be a sophisticated tool to obtain geographical projections of certain combinations of 
climatic limits. Furthermore modelling served to extract and visualise impacts of climate, 
separated from other influences, and supplemented the empirical field observations as a theo-
retical approach. 
Most studies applying bioclimatic modelling approaches to the European flora do not 
regard introduced species. The results of this study verified with ground-truth data that bio-
climatic modelling may also be successfully applied to introduced species, if sufficient data 
from the native range can be provided, which, however, is not always given.  
Bioclimatic modelling based on and validated with field data may be applied to detect 
areas where climate change is likely to induce certain changes, and thus where field surveys 
are particularly important. Verification of bioclimatic model output in the field may on the 
other hand reveal effects that are not implemented in models, and remains necessary to attrib-
ute confidence to modelling results. Several provisions, preconditions and limitations must be 
understood and taken into account (BOTKIN et al. 2007) interpreting the modelling results. 
Hence, field surveys remain the key to address the whole complexity of vegetation shifts 
induced by climate change, as many processes are still not completely understood, although 
bioclimatic modelling may be useful as a supplementary tool, addressing clearly defined 
questions. 
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6.3 Native vs. introduced evergreen broad-leaved species 
As outlined in the previous sections, native as well as introduced evergreen broad-
leaved species are expanding their ranges is central and northern Europe. An example of a 
native species’ range expansion is the northward range shift of Ilex aquifolium. The new 
northernmost occurrences mostly originated from native populations. In some cases, however, 
especially those concerning the eastern distribution boundary, new individuals were consid-
ered to be escapees from planted garden individuals. IVERSEN (1944) also included a category 
named “Ilex strayed into woods from gardens” in his study. Hence, such sub-spontaneous 
occurrences were also included in the findings of the original study and in agreement with the 
methodology of IVERSEN (1944). In Norway, a strict distinction of separate “wild” and “culti-
vated” populations is difficult, as there has been a long-term exchange between these 
populations. On the one hand, most cultivated individuals originate from the indigenous 
populations. On the other hand, the planted individuals acted as seed sources contributing to 
the recovery of the forest populations after severe winters (SALVESEN 1996, see also BERGER 
2003).  
Whereas Laurus nobilis is considered native to northern Italy, the species is regarded 
as an archeophyt in southern Switzerland, where it has spread from plantings in many loca-
tions. These spreadings, too, are a geographical extension of the native range. Hence, the 
range shifts of Ilex aquifolium and Laurus nobilis are effectively extensions of their historical 
ranges. These species are additionally favoured by direct human impacts, as they are culti-
vated beyond their range boundaries. These planted individuals may serve as additional seed 
sources, and hence accelerate the expansion. Cultivation provides opportunities for the species 
to keep pace with the rate of climate change by reducing the time-lag that may be due to, for 
example, dispersal limitations (SVENNING & SKOV 2004, cf. also POTT 1990, LEEMANS 1996) 
and/or interrupted migration routes (SKOV & SVENNING 2004) thus allowing a species to 
occupy its new potential range immediately. 
Laurus nobilis and Quercus ilex do also occur in Southern England and Ireland, where 
they are clearly originating from individuals naturalised from plantings. 
Regarding the origin of the species considered in this study, a transition from native to 
exotic seems useful, rather than a strict separation of native and exotic species: From Ilex 
aquifolium, considered native in northern Europe, via Prunus laurocerasus, native to Europe 
in the Tertiary, though isolated in its current distribution area due to glaciations throughout 
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the Quaternary, to species from other parts of the world that first reached Europe due to direct 
human action, e.g. Trachycarpus fortunei, Cinnamomum glanduliferum . 
Regardless of the origin of the investigated species, their ecological requirements 
overlap to a considerable extent, due to their common functional type as broad-leaved ever-
greens, as reflected in fig. 5.2. 
6.4 Impact of precipitation and bedrock 
6.4.1 Impact of precipitation 
In previous sections the specificity of temperature requirements has been highlighted. 
Further ecological demands are species specific as well, for instance do precipitation require-
ments differ considerably between the species investigated in this study, and may even limit 
their distribution. In Europe this is predominantly the case at their southern range margins. 
Concerning the distribution and bioclimatic limits of the species, the influence of precipitation 
must therefore also be taken into account. 
Within the Insubrian region (s. l.) from Lago d’Orta in the West to Lago di Garda in 
the East a pronounced precipitation gradient is realised. Precipitation is ranging from ca. 
2000 mm per year in the region of Lago d’Orta to less than 1000 mm per year at the southern 
end of Lago di Garda. The effect of this gradient in the yearly amount of rainfall is further 
amplified by the seasonal pattern with summer rain in the west and 1 to 3 months of summer 
drought in the east (REISIGL 1996, SCHWARB et al. 2002). The investigation of species compo-
sition of evergreen broad-leaved species and their degree of establishment in different study 
sites along the precipitation gradient revealed distinct differences in the composition, distribu-
tion and abundance of evergreen broad-leaved species between the study sites (see chapter 3). 
Species like Cinnamomum glanduliferum and Trachycarpus fortunei originate from 
areas with subtropical, humid climate and are relatively sensitive to drought. In the Insubrian 
region they are restricted to the western part of the area with high precipitation throughout the 
year. On the other hand, species like Quercus ilex and Viburnum tinus are prevailing in the 
eastern part of the area, where summer drought is more pronounced and annual precipitation 
is considerably lower. Some species are consistent throughout the whole area, such as Laurus 
nobilis and Ilex aquifolium. The more drought tolerant species are also occurring in (sub-) 
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Mediterranean regions, where summer drought limits the distribution of e.g. Cinnamomum 
glanduliferum, Trachycarpus fortunei and Prunus laurocerasus. 
Hence, species can be assigned to a precipitation gradient according to their require-
ments as outlined in detail in chapter 3. This gradient is furthermore reflected in species’ leaf 
morphology; the laurophyllous leaf type occurs under Insubrian / atlantic climatic conditions, 
whereas a higher degree of sclerophylly occurs towards more Mediterranean areas. 
In the literature, two bioclimatic and floristic Insubrian subtypes are distinguished for 
the native flora (e.g. OBERDORFER 1964, REISIGL 1996). These subtypes are also reflected in 
the distribution of introduced evergreen broad-leaved species and in the species composition 
of the study sites.  
6.4.2 Impact of bedrock 
Differences in the geological bedrock further support the distinction between the west-
ern and the eastern part of the Insubrian region. Whereas siliceous substrates are dominant in 
the western part of the area, the region of Lago di Garda and Lago d’Iseo in the east is domi-
nated by calcareous bedrock. Edaphic and geological parameters are important ecological 
factors limiting the distribution of individual species on regional to local scales (e.g. SITTE et 
al. 2002, POTT 2005). 
Some of the investigated species show clear preferences for one of the substrates, as 
discussed in chapter 3. Whereas Cinnamomum glanduliferum is restricted to silicious soils, 
Quercus ilex is only occurring on calcareous soils in the investigated area. In the western part, 
where precipitation is high, siliceous bedrock is predominant. The decay of organic matter is 
relatively slow and allows the accumulation of a relatively thick humus layer (BLASER 1973). 
In contrast, the calcareous underground in the eastern part of the area provides shallow soils 
with a lower water storage capacity, increasing the risk of drought stress. With increasing risk 
of drought stress the laurophyllous species become less abundant, and they are increasingly 
replaced by sclerophyllous, (sub-)Mediterranean species, as outlined in the previous section. 
In general, this study shows that the effect of the precipitation gradient in the study area is 
modified, mostly amplified, by the geological bedrock. 
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6.5 Evergreen broad-leaved species – indicators of climate change? 
Superposing potential ranges of several evergreen broad-leaved species revealed dis-
tinct similarities in the centre of the potential distribution of the species, although species 
limits are specific as previously outlined. The potential species distributions overlap in sub-
stantial parts of central Europe, with a gradually decreasing number of species’ ranges 
towards the northeast (see fig 5.2 and chapter 5). 
Both the southernmost part of Switzerland and southern Great Britain have especially 
favourable winter temperatures, compared with other parts of central Europe where deciduous 
forests occur. In these regions the potential distributions of several species overlap. This is in 
agreement with observational data, which confirm that the species do actually occur in these 
regions. Even more evergreen broad-leaved species, that are otherwise rare in central Europe, 
concentrate in these regions. Updated distribution data from France are scarcer, but data from 
MUSÉUM NATIONAL D’HISTOIRE NATURELLE (2003-2006) indicates that many of the same 
species are becoming more frequent in atlantic regions of the country. The most cold-hardy 
evergreen species are also occurring and spreading in Germany, such as Ilex aquifolium, 
Prunus laurocerasus and Mahonia aquifolium (BERGER 2003, SÖHLKE 2006, BFN 2007, 
REHSE 2007). Furthermore, single occurrences of other species have also been recorded, e.g. 
Aucuba japonica, Viburnum rhytidophyllum (BRANDES 2003, SCHMITZ et al. 2004). 
The most obvious effect of rising winter temperatures is a reduced risk of lethal frost 
incidents, which allows survival beyond the former range boundary. Additionally, the fre-
quency of sub-lethal frosts decreases and sub-lethal damage, which must be compensated by 
replacement of lost biomass, will decrease. Hence, survival in formerly unsuitable areas may 
become possible under climatic warming. Evergreen broad-leaved species are particularly 
favoured by milder winter temperatures, as they are able to profit from positive net photosyn-
thesis in periods with favourable climatic conditions even in winter (ZELLER 1951, FISCHER & 
FELLER 1994, OLIVEIRA & PEÑUELAS 2004), in contrast to deciduous trees which are leafless 
in the winter season. 
Conclusions 
The results of this study show that the cold-hardiest evergreen broad-leaved species 
are expanding on the European scale. Single species’ range shifts have been linked to climate 
change, i.e. rising winter temperatures. Consequently, and with regard to the overlap of poten-
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tial distribution areas of the species, it may be concluded that the same underlying process, i.e. 
climate change, is the responsible driver of the synchronous expansion of several evergreen 
broad-leaved species. 
Within the group of evergreen broad-leaved species regarded in this study, different 
biological traits influence the distribution of the single species. However, they are all sensitive 
to low winter temperatures, though at different threshold values, and hence their ranges are 
limited by their specific cold-hardiness. This is further reflected in their expansion in response 
to the milder winters of the last decades and thus, they are suitable as indicators of recent 
climate change in central Europe. 
6.6 Impacts on the vegetation level (Outlook)  
Observed changes 
The substantial overlap of the projected ranges of several evergreen broad-leaved spe-
cies in southern Great Britain and southern Switzerland (as shown in Fig. 5.2) suggests a trend 
towards more evergreen broad-leaved species in deciduous forests of some European regions, 
as discussed in detail in chapter 5. Deciduous forest with evergreen understorey has been 
recognised as a separate vegetation type in southern Switzerland (DELARZE et al. 1999). In 
Great Britain, small evergreen forests and scrub stands (often with Quercus ilex) have been 
described as recently generated vegetation types with no counterpart in the native vegetation, 
whereas Rhododendron thickets and understoreys with a high share of further evergreen 
species, e.g. Prunus laurocerasus, are matched in the native vegetation by evergreen thickets 
of Ilex aquifolium (PETERKEN 2001). Hence, not only single species are shifting their ranges; 
in fact, an effect on the vegetation level is also evident, with several evergreen broad-leaved 
species forming a new community in former deciduous forests. This may not only lead to 
distinct changes in the diversity and physiognomy of existing forest communities, but also to 
changes in forest ecosystem processes, e.g. carbon cycling and water balance. So far, these 
ecosystem level consequences have not been addressed, but they could be subject to further 
studies on the ecological impacts of the spread and establishment of evergreen broad-leaved 
species. 
As discussed in chapter 5, the emerging vegetation type symbolises a revival of certain 
elements of the Tertiary vegetation of Europe. But as most species common in the Tertiary are 
extinct in central Europe, distinct differences are apparent. The observed species belong to 
 90
genera well-known from the Tertiary, but are introduced from other parts of the world due to 
human action. Furthermore, the combination of different introduced evergreen broad-leaved 
species with species characteristic of present-day European deciduous forests does not resem-
ble the European Tertiary vegetation. 
Possible future changes 
Vegetation modelling has projected range shifts both by single species and by biomes 
due to climate change (e.g. PRENTICE et al. 1992, BAKKENES et al. 2002, WOODWARD et al. 
2004, THUILLER et al. 2005, OHLEMÜLLER et al. 2006). However, the results presented here 
show that responses to climate change are species-specific, suggesting that climate change in 
the longer term will lead to a reorganisation of existing communities rather than to synchro-
nous shifts of existing vegetation units as a whole. Furthermore, models predict that 
combinations of climate variables will arise that do not currently exist anywhere on the globe 
(SAXON et al. 2005, WILLIAMS et al. 2007). These new climates are expected to cause ecosys-
tem reshuffling as individual species, constrained by different environmental factors, respond 
differently (FOX 2007), resulting in so-called “no-analog” ecosystems, which are also known 
from the geological record in combination with no-analog climates of the past (OVERPECK et 
al. 1992, JACKSON & WILLIAMS 2004). However, vegetation and ecological communities in 
general are also characterised by their inherent interactions, and hence accounting only for 
climate effects may underestimate the magnitude of ecological change (cf. FOX 2007). 
Recent climate change has favoured the evergreen broad-leaved plant functional type 
within deciduous forests. With continued warming this process is likely to proceed and to 
induce changes in the composition and structure of temperate deciduous forests in various 
parts of central Europe. In addition to climatic changes, other human activities also cause 
changes to the native vegetation, for example through the introduction of exotic species. The 
combination of several different anthropogenic influences and climate change has facilitated 
this vegetation type which may – given continued climate change – symbolise a first step 
towards a no-analog plant community in Europe. 
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Appendix 1 
Mean temperature values for the warmest and coldest month for a subset of climate stations 
used by Iversen (1944) and updated for the period 1971 – 2000. 
Climate station surrogate station warmest month coldest month 
   
Iversen
(1944) 
updated 
(1971-2000) 
Iversen 
(1944) 
updated 
(1971-2000)
Aachen  16.7 17.9 1.5 2.9 
Karlsruhe  19.0 20.1 0.4 1.9 
Kleve  17.0 17.7 1.0 2.6 
Gardelegen  17.6 17.7 -0.7 0.3 
Helmstedt  17.1 17.7 -0.7 0.6 
Wustrowa Barth 16.8 16.8 -0.7 0.0 
G
er
m
an
y 
Dessau Wittenberg 17.9 18.5 -0.6 0.1 
       
Ringsted Alstedgård II 16.5 16.7 -0.7 1.1 
Nykøbing Abed 17.1 16.7 0.1 0.6 
Løgumkloster FSN Skrydstrup 15.4 15,7 0.3 0,7 
Veljefjord Billund Lufthavn 16.2 15.6 0.5 0.3 
Skanderborg Ødum II 15.6 15.6 -0.3 0.3 
Hals FSN Ålborg 16.1 16.0 -0.3 0.2 
D
en
m
ar
k 
Læsø Skagen fyr 16.7 16,3 -0.4 1,0 
       
Horten Rygge 16.8 16.3 -2.4 -2.9 
Kristiansand Oksøy fyr 16,2 15.6 -0.7 0.7 
Mandal Mandal II 15.8 15.2 0.1 0.1 
Lindesnes  15.9 15.2 0.8 1.3 
Bergen Bergen Florida 14.4 14.5 1.2 2.1 
Byrkenesøy 
interpolated from 
Hellisøy and Takle 13.5 13.6 1.4 1.9 
Molde 
Hustad II, 
extrapolated based on Tingvoll 13.9 12.9 0.2 1.1 
Kristiansund 
Kristiansund, 
extrapolated based on Tingvoll 13.1 13.1 1.5 1.8 
N
or
w
ay
 
Svolvær Skrova fyr 12.7 12.7 -1.9 -0.3 
       
Vänersborg  16.4 16.1 -2.6 -1.7 
Borgholm Ekologiska forskningsstationen 16.7 18.0 -1.2 -0.5 
Västeras  17.0 17.0 -3.8 -3.1 
Uppsala  16.5 17.3 -4.3 -3.1 S
w
ed
en
 
Visby  16.1 16.5 -0.9 -0.9 
 
 warmest month coldest month 
Average deviation original stations 0.4 ± 0.6 1.0 ± 0.5 
Average deviation surrogate stations -0.1 ± 0.5 0.7 ± 0.6 
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Appendix 2  
Detailed chronology of establishment of the new northernmost palm population (synonyms: 
Trachycarpus fortunei (HOOK.) WENDL. = T. excelsa WENDL. = Chamaerops excelsa THUNB.) 
Time Developmental stage 
18th/19th 
century 
In Europe, the hemp palm was first mentioned in 1795, and again in 1844 in 
England and Germany (JACOBI, 1998) 
For southern Switzerland, the following records refer to Trachycarpus fortunei: 
1882 Cultivated Chamaerops excelsa covered with plenty of fruits (KNY, 1882) 
(cf. Appendix S3 top left)
1904 Catalogues of spontaneously occurring and naturalised woody plants includes 
exotic species but no palms (BETTELINI, 1904, RIKLI, 1907, CHENEVARD, 
1910, JÄGGLI, 1924) 
1918 Trachycarpus fortunei survives the winter outdoor without any damage (BÄR, 
1918) 
1920 Subspontaneous occurrence of T. fortunei near Gandria (VOIGT, 1920) 
1936 Blackbirds eagerly forage the fruits of T. excelsa. Seeds germinate easily, 
resulting in grasslike patches of palm seedlings below resting trees of birds 
(SCHRÖTER, 1936) 
(cf. Appendix S3 top right)
1950 T. excelsa locally colonises forests in Ticino on azonal sites such as shady and 
humid gorges (DAL VESCO, 1950) 
1953 Description of lowland forests with few indigenous evergreen broad-leaved 
lower shrub species in an area along Lake Major, where at present, understo-
rey vegetation is dominated by exotic evergreen broad-leaved species (KNAPP, 
1953, cf. LÜDI, 1949) 
1954/56 T. excelsa propagates in suitable habitats (humid gorges on southern-exposed 
slopes) comparable to indigenous species (SCHMID, 1956, cf. also LARCHER, 
1954) 
1961 Many of the cultivated species, such as e.g. T. excelsa, spread easily (SCHMID, 
1961) 
1964 Vegetation monographs on the lower forest belt mentioning escaped exotic 
evergreen broad-leaved species but no palms (OBERDORFER, 1964, 
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ANTONIETTI, 1968) 
1979 Occurrence of small palms* in the herb layer in zonal forests up to 480 m 
a.s.l. (ZUBER, 1979)  
(cf. Appendix S3 bottom left)
1988 Occurrence of T. fortunei in the shrub layer (GIANONI et al., 1988) 
1998 Strong expansion of evergreen broad-leaved species (incl. T. fortunei) is ob-
served in the understorey vegetation of lowland forests (CARRARO et al., 
1999) 
2000 Fruiting individuals of Trachycarpus-palms on forest stands (WALTHER, 2000)
2003 Establishment of dense palm groves is a widespread phenomenon on south-
ern exposed slopes up to approx. 400 m a.s.l.; occurrence of subspontaneous 
palm saplings at the max of ~ 800 m a.s.l. (WALTHER, 2003) 
(cf. Appendix S3 bottom right)
* Although mentioned as Chamaerops humilis in the original literature, it could easily be 
mistaken for Trachycarpus fortunei in the juvenile stage as it was at that time (ZUBER, pers. 
comm.). 
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Appendix 4  
Pictures illustrating the different developmental stages of the new northernmost Trachy-
carpus population. 
 
Trachycarpus fortunei (HOOK.) WENDL. 
 
 
top left: infructescence;  top right: palm seedlings; 
bottom left: subspontaneous palm sapling;  bottom right: dense palm stands 
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Appendix 5  
Realised and modelled (grey shaded areas) distribution of Trachycarpus fortunei in its 
native range, using the following parameters: 2.2°C as the lower limit of the monthly mean 
temperature of the coldest month (Tcold) and GDD5 = 2300, a maximum mean tempera-
ture of the coldest month of 15.5°C and a tolerated drought index of 0.26 (for details see 
text and Fig. 4.5). 
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